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A B S T R A C T   

A 2D micron-sized MOF sheet, namely BUC-21(Fe), was synthesized hydrothermally from FeSO4⋅7H2O, 1,3- 
dibenzyl-2-imidazolidone-4,5-dicarboxylic acid (H2L) and 4,4′-bipyridine (bpy), which exhibited efficient 
removal of chloroquine phosphate (CQ) as emerging organic pollutant model via photon-Fenton process at pH =
5.0. The generated ⋅OH concentration was 242.5 μmol L− 1 with H2O2 consumption efficiency of 83.2%. The 
hydroxyl radical (⋅OH) was the primary reactive specie at the whole process, whereas superoxide radical (⋅O2

− ) 
could boost the Fenton-like reaction at neutral pH. The oxidation state and content of iron in BUC-21(Fe) was 
detected by X-ray absorption fine structure (XAFS), in which 62% and 45% Fe2+ could be observed in the fresh 
sample and the used sample after photo-Fenton reaction. The CQ removal efficiency decreased from 100% to 
68.3% when Fe sites were locked by phosphate, directly confirming the important role of Fe in the photo-Fenton 
reaction. The mechanism was proposed with the help of electrochemistry and density functional theory (DFT) 
calculation, which revealed that the photoinduced election was excited from oxygen atoms to Fe ions. The CQ 
was degraded into small molecules with low toxicity, and the degradation pathway was proposed. BUC-21(Fe) 
was water stable and showed excellent performance for photo-Fenton degradation of various organic contami-
nants (sulfamethoxazole (SMX) and bisphenol A (BPA)).   

1. Introduction 

Organic pollutants in water environment might exert great potential 
threat to environment due to their persistence and biotoxicity. Unfor-
tunately, these organic pollutants, such as pharmaceutical and personal 
care products (PPCPs) and antibiotic, are difficult to efficiently remove 
via traditional process [1,2]. Advanced oxidation processes (AOPs) like 
photocatalysis [3–6], persulfate activation [7,8], Fenton-like and so on 
[9,10] have been proved to be highly efficient and eco-friendly, which 
are widely used in organic pollutants degradation. 

Recently, increasing researchers focus on heterogeneous Fenton-like 
reaction for degrading organic contaminants into less toxic molecules 
and even mineralizing them into CO2 and H2O [8,11]. It is expected to 
overcome the typical drawbacks of traditional homogeneous Fenton 
reaction, including but not limited to operation in the narrow pH range 

(<3) and producing huge amount of sludge. However, the application of 
heterogenous Fenton reaction is hampered by slow Fe2+ generation rate 
from Fe3+ and high H2O2 consumption [12]. Hou et al. introduced a 
reductive agent NH2OH to goethite for surface Fenton reaction, which 
significantly accelerated Fe2+ generation from Fe3+ [13]. Zhu et al. 
demonstrated that Fe3+/Fe2+ cycle could be greatly promoted by 
combining ferrihydrite with carbon nanotubes (CNTs), since CNTs not 
only accelerated the electron transfer, but also decreased Fe3+/Fe2+

redox potential [14]. As well, coupling technologies like photo-Fenton 
[15], electro-Fenton [16] and ultrasound-Fenton [17] are efficient ap-
proaches to promote Fe3+/Fe2+ cycles and decomposition of H2O2 
[18–20]. Xing et al. demonstrated that the metal sulfide (like MoS2 
[10,21] and WS2 [22]) cocatalyst greatly promoted Fe3+/Fe2+ conver-
sion, which resulted in high H2O2 decomposition efficiency. 

Metal-organic frameworks (MOFs) have attracted increasing 
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attentions due to their diverse structures and versatile potential appli-
cations in separation [23,24], catalysis [25,26], photocatalysis [11,27], 
and so on [28–32]. Fe-MOFs, their composites as well as derivatives 
exhibited huge potential in environmental remediation, especially for 
heterogenous Fenton-like reaction [33–35]. MIL-88A, a 3D Fe-MOF 
constructed by fumaric acid and Fe3+, is considered as an eco-friendly 
catalyst, which have received wide interest in photo-Fenton process 
[36]. For example, our group demonstrated that 100% bisphenol A 
(BPA) was degraded over MIL-88A within 80 min under the illuminance 
of visible light [37], whereas the complete BPA removal could be 
accomplished within 30 min over polyaniline@MIL-88A composite 
under white light [38]. Actually, the photoinduced charges transfer rate 
of MIL-88A is slow because of its low conductivity. In comparison, 2D 
MOFs possess higher aspect ratio, more exposed activated sites, faster 
mass transfer rate and quicker photoinduced charges transfer rate, 
leading to higher photocatalytic activities [39–42]. At this point, 2D 
MOF nanosheets have been studied in the field of photocatalysis. Ding 
et al. reported in-situ growth of 2D Ni-MOF nanosheet on nickel foam 
(Ni-MOF/NF) without extra metal source, linked by 2-methylimidazole 
[43]. The as-prepared Ni-MOF/NF possessed abundant active sites and 
outstanding light absorption activity, which exhibited excellent photo-
catalytic volatile organic compounds (VOCs) degradation under visible 
light. Xiao et al prepared a 2D Mn-MOF (Mn-TBAPy, TBAPy = 1,3,6,8- 
tetrakis(p-benzoic acid)pyrene) nanosheet with average thickness of 9.5 
nm by sonication exfoliation [44]. The H2 evolution rate on the nano-
sheet was 11 times higher than that on bulk Mn-MOF, which resulted 
from short charge transfer distance and fast charge separation on Mn- 
MOF nanosheet. However, the water stability of 2D MOFs nanosheets 
should be further concerned [45]. Accordingly, it is desired to develop 
2D micron-sized MOF sheets with high catalytic activity, good water 
stability and low biotoxicity for environmental remediation. 

Herein, a micron-sized MOF sheet, namely BUC-21(Fe), was syn-
thesized from Fe2+ nodes and two ligands (1,3-dibenzyl-2-imidazoli-
done-4,5-dicarboxylic acid (H2L) and 4,4′-bipyridine (bpy)) with low 
toxicity (Table S1). Within this paper, chloroquine phosphate (CQ) was 
selected as the target emerging organic pollutant model to test the 
photo-Fenton performance of BUC-21(Fe). It was deemed that CQ, one 
of important drugs for treating malaria [46], might exert toxic effects to 
the non-target organisms, especially in higher pH conditions [47,48]. 
Within this paper, the influences of H2O2 dosage, initial pH and co- 
existing inorganic anions on photo-Fenton degradation of CQ were 

investigated, and the role of the surface Fe ions in the reaction was 
studied. The oxidation state and content of Fe were determined by X-ray 
absorption fine structure (XAFS). The concentration of generated ⋅OH 
and the H2O2 consumption under different pH were monitored. Density 
functional theory (DFT) was introduced to clarify the band gap of BUC- 
21(Fe) and the transfer pathway of the charge carriers. As well, different 
organic contaminants including sulfamethoxazole (SMX) and bisphenol 
A (BPA) were selected to test the university of BUC-21(Fe) as photo- 
Fenton catalyst for organic pollutants degradation. 

2. Materials and methods 

The information of materials, characterizations and the DFT calcu-
lation were proved in the supplementary information (SI). 

2.1. Synthesis of BUC-21(Fe) 

BUC-21(Fe) was hydrothermally synthesized similar to that of BUC- 
21(Zn) [49]. Briefly, a mixture of FeSO4⋅7H2O (0.3 mmol), bpy (0.3 
mmol) and H2L (0.3 mmol) were sealed in a 25.0 mL Teflon-lined 
stainless steel Parr bomb containing 18.0 mL deionized water, and 
heated at 160 ◦C for 72 h. After cooling down gradually to room tem-
perature, the as-prepared crystals of BUC-21(Fe) with the formular of 
C54.5H45Fe2N8O13 were collected by filtration. 

2.2. Photo-Fenton catalytic experiments 

Photo-Fenton CQ degradation activity of BUC-21(Fe) was investi-
gated upon the irradiation of 10 W LED light with various wavelengths, 
like 365, 420, 485, 520 and 630 nm (PCX50B, Beijing Perfect Light 
Technology Co., Ltd), in which the corresponding light spectra were 
depicted in Fig. S1. The CQ residue in the aqueous solution was deter-
mined by ultra-high performance liquid chromatography (UHPLC, 
Thermo Scientific Vanquish Flex). The turnover frequency (TOF) was 
calculated by dividing the reaction rate (k value) by the catalyst con-
centration [34]. The products of CQ degradation were determined by 
LC-MS (UHPLC, Dionex UltiMate 3000 Series; MS, Q Exactive, USA). The 
details of photo-Fenton catalytic experiments, UHPLC and LC-MS were 
appended in SI. 

The formed ⋅OH radicals were determined by fluorescence spec-
troscopy vis taking terephthalic acid (TPA) as probe. Also, the 

Fig. 1. (a) SEM image, (b) simplified crystal structure (orange sticks and gray sticks represent bpy and L, respectively), (c) coordination environment of Fe2+ (H 
atoms were omitted; R = benzyl group) and (d) EDS mappings of BUC-21(Fe) sheet. 
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concentration of generated ⋅OH radicals was qualitatively monitored at 
355 nm by UHPLC. The residual H2O2 concentration was tested by 2,9- 
dimethyl-1,10-phenanthroline (DMP) method [50]. Detailly, the reac-
tion solution was added into the matrix of DMP, CuSO4⋅5H2O and the 
phosphate buffer solution (0.1 mol L− 1, pH = 7.0) to produce bright 
yellow complex Cu(DMP)2+, which was measured at 454 nm by UV–vis 
spectroscopy. 

3. Results and discussion 

3.1. Characterizations of BUC-21(Fe) 

The scanning electronic microscopy (SEM) images (Fig. 1a and 
Fig. S2a) demonstrated that BUC-21(Fe) displayed rough sheet 

morphology with size of ca. 60 μm length, 60 μm width and 5 μm thick. 
The single crystal structure analysis revealed that BUC-21(Fe) is con-
structed from Fe2+, L2− and bpy (Fig. 1b). Detailly, the Fe1 was coor-
dinated with two oxygen atoms from two different L2− ligands, two 
oxygen atoms from two water molecules, and two nitrogen atoms from 
two bpy ligands (Fig. 1c), and the Fe2 was linked by four oxygen atoms 
from completely pronated L2− and two nitrogen atoms from bpy. The 
detailed crystal structure data and corresponding descriptions can be 
found from the SI. The energy dispersive X-ray spectroscopy (EDS) 
elemental mapping was used to affirm the distribution of various ele-
ments (Fig. 1d), in which the uniform distribution of Fe, N (character-
istic element of bpy) and O (characteristic element of H2L) elements 
could be observed. The CNHO element analyses affirmed the element of 
C (56.3%), N (8.9%), H (4.1%), O (19.0%) contents in the BUC-21(Fe), 

Fig. 2. (a) The UV–vis DRS, Eg plots (inset) and (b) Mott-Schottky curves of BUC-21(Fe).  

Fig. 3. (a) The CQ degradation under different conditions; (b) Photo-Fenton CQ degradation with different H2O2 dosage (10 W LED UV light (365 nm), pH = 5.0); (c) 
Effects of initial pH on photo-Fenton degradation of CQ and (d) Concentrations of ⋅OH and H2O2 consumption at different pH values (10 W LED UV light (365 nm)). 
Reaction conditions: 15 mg BUC-21(Fe), 50 mL CQ (10 mg L− 1). 
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which matched well with the calculated ones based on the 
C54.5H45Fe2N8O13 (C 57.8%, N 9.9%, H 4.0%, O 18.4%). 

The powder XRD patterns (Fig. S2b) of the as-prepared BUC-21(Fe) 
matched well with the simulated ones from CIF file of CCDC 2,100,429 
using Mercury software, suggesting the high crystallinity of as- 
synthesized BUC-21(Fe). FTIR spectra (Fig. S2c) indicated that the 
bands at 1603 and 1451 cm− 1 could be assigned to the asymmetric and 
symmetric vibration of the carboxyl group, respectively [51]. The strong 
characteristic peak at 702 cm− 1 could be ascribed to the benzene ring 
attached to the ligand. The peak at 482 cm− 1 was attributed to the Fe-O 
stretching vibration [52]. 

3.2. Optical property of BUC-21(Fe) 

The optical performance of BUC-21(Fe) was characterized via the 
UV–vis DRS. It can be seen from Fig. 2a that BUC-21(Fe) could absorb a 
wide range of light from UV to visible light. The band gap was calculated 
as 1.5 eV following Eq. (1) based on UV–vis DRS data [53,54], which 
was close to the DFT calculated result (1.28 eV). 

α(hv) = A
(
hv − Eg

)2 (1)  

where α, h and ν are the absorption coefficient, the light constant, and 
light frequency, respectively. The Mott-Schottky was used to determine 
the flat band potential of BUC-21(Fe). As illustrated in Fig. 2b, the 
positive slopes of Mott-Schottky plots indicated that BUC-21(Fe) is a n- 
type photocatalyst. Additionally, the flat band potential was − 0.24 eV 
vs. Ag/AgCl, which was equivalent to − 0.04 V vs. the normal hydrogen 
electrode (NHE). The lowest unoccupied molecular orbital (LUMO) 
potential was more negative by 0.2 V than the flat band potential [55], 
meaning E0 = -0.24 V (vs. NHE). Considering the effect of pH, ELUMO was 
estimated to be − 0.65 V (vs. NHE, pH = 7) following the Eq. (2) [56]. 
The highest occupied molecular orbital (HOMO) potential could be 
calculated to be 0.85 V according to the Eq. (3). 

ELUMO = E0 − − 0.05915 × pH (2)  

EHOMO = ELUMO +Eg (3)  

3.3. Photo-Fenton CQ degradation performance of BUC-21(Fe) 

The CQ removal efficiencies under different conditions were carried 
out and displayed in Fig. 3. Negligible of cationic CQ was adsorbed by 
BUC-21(Fe) within 30 min, which might result from low Zeta potential 
(Fig. S2d) and small BET specific surface area (308.87 m2 g− 1) of BUC-21 
(Fe). Besides, the 2D structure is not benificial for adsorption, well 
consistent with the weak adsorption property of BUC-21(Zn) [49]. It was 
found that ca. 21.0% CQ was removed under UV light, indicating that 
BUC-21(Fe) could act as photocatalyst under light irradiation (Fig. 3a). 

43.9% and 48.9% CQ was degraded in pure H2O2 (H2O2 + 365 nm LED 
UV light) and heterogenous Fenton system (BUC-21(Fe) + H2O2), 
respectively. In comparison, the CQ removal efficiencies were dramat-
ically enhanced to 100% within 30 min in presence of BUC-21(Fe), H2O2 
and LED UV light (365 nm), which was higher than those under visible 
light irradiation (95.8% for 420 nm, 93.3% for 485 nm, 91.5% for 520 
nm and 82.7% for 630 nm). It implied that the light, especially UV light, 
greatly promoted the Fenton-like reaction. From these points, it could be 
concluded that the effective CQ degradation could be contributed to the 
synergism of photocatalysis and heterogeneous Fenton-like process. 
Herein, the synergistic effect was determined from the degradation rates 
of photocatalysis (kp) and heterogeneous Fenton (kF), as disputed in Eq. 
(4). 

Synergyindex =
kPF

kp + kF
(4)  

where kPF was the degradation rate (k value) of photo-Fenton. The 
synergy index was calculated to be 5.4 (>1), implying significantly 
synergistic effect between photocatalysis and heterogeneous Fenton 
reaction. 

H2O2 concentration is known to influence the reaction since it can 
act as electron acceptor to boost the separation of photoinduced 
electron-hole. The photo-Fenton CQ degradation performances of BUC- 
21(Fe) with different H2O2 dosages were investigated from 5 to 20 μL, as 
shown in Fig. 3b. The removal efficiencies increased from 76.3% to 
100% with increasing H2O2 dosage from 5 to 15 μL within 30 min, and 
the corresponding degradation rates (k values, Eq. (5)) increased from 
0.0413 to 0.1162 min− 1. However, with the further increasing dosage of 
H2O2 to 20 μL, the degradation efficiency was reduced to 0.1101 min− 1. 
This might be due to that the excessive H2O2 could not be decomposed 
by photogenerated charge to yield ⋅OH radicals, whereas it could react 
with the produced ⋅OH radicals to form other less reactive radicals like 
HO2

⋅ and ⋅O2
− (Eq. (6)) [57]. Therefore, the optimum H2O2 concentra-

tion was set as 15 μL (2.94 mmol/L) for photo-Fenton CQ degradation 
under 365 nm LED UV light irradiation. 

ln(C/C0) = − kt (5)   

H2O2 + ⋅OH → ⋅O2H/⋅O2
− + H2O                                                     (6) 

The influence of initial pH on photo-Fenton CQ degradation over 
BUC-21(Fe) was investigated within a wide range of 3.0–11.0, as illus-
trated in Fig. 3c. At neutral pH (7.0), the photo-Fenton CQ degradation 
efficiency was 77.6% with rate of 0.0404 min− 1, whereas the removal 
efficiency declined to 37.2% at pH = 11.0 within 30 min. In comparison, 
BUC-21(Fe) exhibited outstanding photo-Fenton performance at pH =
3.0, in which 81.5% CQ was removed within only 2 min. The ⋅OH 
concentration and H2O2 consumption were detected at pH range of 3.0 
to 11.0 (Fig. 3d). The generated ⋅OH was 267.5 μmol L− 1 with 79.4% 

Fig. 4. (a) The ESR spectra of DMPO-⋅OH, (b) Concentration of ⋅OH radicals with time under UV light and in dark over BUC-21(Fe).  
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H2O2 consumption at pH = 3.0, implying high ⋅OH yield and efficient 
utilization of H2O2. Besides, BUC-21(Fe) was stable under the conditions 
(Fig. S3). However, the ⋅OH yield decreased to only 7.3 μmol L− 1 at pH 
= 11.0 with 42.0% consumption of H2O2. The results directly confirmed 
that the low pH value was benificial for heterogenous photo-Fenton 
reaction, as reported previously [58–60]. 

The effects of inorganic anions (H2PO4
− , Cl− , HCO3

− , NO3
− and 

SO4
2− ) on photo-Fenton CQ degradation were carried out, in which the 

corresponding inorganic ions concentrations were referred from the 
surface water quality in Beijing [61,62]. As showed in Fig. S4, nearly 
100% CQ was degraded in presence of 13.6 mg L− 1 NO3

− and 35.0 mg 
L− 1Cl− , and small inhibition effects was observed for 19.2 mg L− 1 SO4

2−

and 0.85 mg L− 1 H2PO4
− . However, the degradation efficiency 

decreased to 50% when 272.0 mg L− 1 HCO3
− was introduced into the 

system, in which the ⋅OH radicals might be consumed of by HCO3
− to 

form ⋅CO3
− with low oxidation potential (1.78 V) [63]. 

3.4. The identification of the reactive species 

In heterogenous Fenton-like system, both ⋅OH and ⋅O2
− radicals are 

usually detected. Theoretically, both the two reactive oxygen species 
(ROS) could be generated in photo-Fenton CQ degradation process, 
since the LUMO position (-0.65 V) of BUC-21(Fe) was more negative 
than the reduction potentials of H2O2 (H2O2/⋅OH, 0.80 V vs NHE [35]) 
and O2 (O2/⋅O2

− , E0 = -0.18 V [35]). Therefore, the photoexcited 
electron could decompose H2O2 to form ⋅OH, as well as react with dis-
solved oxygen (DO) to yield ⋅O2

− . The ESR was adopted to detect active 
radicals, in which dimethyl pyridine N-oxide (DMPO) was used to cap-
ture ⋅OH and ⋅O2

− . As displayed in Fig. 4a, weak DMPO-⋅OH could be 
found in “H2O2 + light” system, suggesting H2O2 could be decomposed 
by light to yield ⋅OH. Obvious signals emerged in “BUC-21(Fe) + H2O2” 

system, whereas the signals were further promoted under UV light 
irradiation. This was because that BUC-21(Fe) could decompose H2O2 to 
generate ⋅OH radicals under dark condition, which was greatly accel-
erated under UV light. Additionally, the DMPO-⋅O2

− signals could be 
found during photocatalytic process (Fig. S5). It is generally deemed that 
⋅OH can be trapped by TPA to form 2-hydroxy terephthalic acid, which 
can be excited at 315 nm to emit fluorescence at 425 nm [64]. The 
fluorescence method was used to determine the generated ⋅OH. As 
showed in Fig. S6, it could be found that the signals became increasingly 
obvious with time, implying that the ⋅OH concentration increased 
rapidly. The ⋅OH radicals can react with dimethyl sulfoxide (DMSO) to 
quantitively yield formaldehyde. The 2,4-dinitrophenylhydrazine 
(DNPH) can further react with the formed formaldehyde in K2HPO4- 
KH2PO4 buffer solution (pH = 4.0) to produce hydrazone compound 
(DNPHo), which is stable and can be determined by UHPLC [65]. The 
⋅OH concentration in the photo-Fenton reaction was determined to 
reach 242.5 μmol L− 1 within 30 min, whereas it was only 11.3 μmol L− 1 

in dark condition (Fig. 4b), suggesting that the UV light significantly 
promoted ⋅OH generation. 

However, the contribution of the two radicals to the heterogenous 
photo-Fenton reaction under different pH is unclear. To clarify the 
contribution of ⋅OH and ⋅O2

− on photo-Fenton CQ degradation, the 
isopropyl alcohol (IPA) was added as ⋅OH scavenger and the N2 gas was 
bubbled to remove the DO to inhibit the formation of ⋅O2

− radicals. The 
degradation efficiencies were obviously inhibited in presence of IPA 
from pH 3.0 to 7.0. Under acid conditions (pH ≤ 5.0), the influence of 
bubbling N2 gas on CQ degradation were negligible (Fig. 5a and 5b), 
demonstrating that ⋅OH rather than ⋅O2

− was the main ROS. Under the 
condition of pH = 7.0 (Fig. 5c), the CQ removal efficiency decreased by 
45.7% and 24.9% after adding IPA and bubbling N2 gas, respectively. It 
implied that both ⋅OH and ⋅O2

− contributed to the photo-Fenton 

Fig. 5. Effect of IPA and N2 on CQ degradation over BUC-21(Fe) at (a) pH = 3.0, (b) pH = 5.0, (c) pH = 7.0 and (d) in presence of 0.2 mM phosphate, pH = 5.0. 
Reaction conditions: 15 mg BUC-21(Fe), 15 μL H2O2, 100 μL IPA, 50 mL CQ (10 mg L− 1), 10 W LED UV light (365 nm). 
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reaction at pH = 7.0, in which ⋅OH played a more important role in the 
process. 

Previously, Hou et al. detected the contribution of surface Fe2+ on 
the catalyst by chelating them with 1,10-phenanthrolin or bipyridine 
during heterogenous Fenton reaction [13]. As well, the phosphate ions 
can react with Fe sites and inhibited the activity of catalysts. Yu et al. 
blocked the surface Fe sites with phosphate in catalytic ozonation, in 
which the 4-nitrophenol removal efficiency decreased from 100% to 
41.4% [66]. Yang et al. demonstrated that the formed iron phosphate 
precipitated on the surface of the catalyst, which hampered H2O2 
decomposition and decreased heterogeneous Fenton oxidation of cate-
chol [67]. In order to determine the contribution of the surface Fe sites 
in photo-Fenton CQ degradation, phosphate was introduced into the 
reaction system. As illustrated in Fig. 4d, the CQ removal efficiency 
decreased from 100% to 68.3% when 0.2 mmol L− 1 phosphate was 
added into the photo-Fenton system. As well, the consumed H2O2 
decreased from 83.2% to 39.1%. The results suggested the important 
role of Fe sites in heterogeneous photo-Fenton process. 

3.5. Photo-Fenton catalytic mechanism 

The transportation of photoinduced electron was identified by 
analyzing the electronic density distribution (Bader Charge) and density 
of (electronic) states (DOS) of BUC-21(Fe). As illustrated in Fig. 6, the 
energy levels in the range of − 4.5 to − 3.0 eV were mainly formed by C- 
1s state and a small amount of Fe-2p state, whereas the HOMO (VB) in 
the range of − 2.5 to 0 eV was mainly coupled from O-2p state, sug-
gesting that oxygen atoms supplied electrons to the heterogenous photo- 
Fenton reaction. There was hardly N-1s state in the range of − 4.5 to 0 
eV, indicating it played a negligible role in the redox reaction. Moreover, 
the energy levels in the range of 0 to 5.0 eV were mainly filled with the 
electrons of carbon and oxygen atoms. Besides, the results of Bader 
Charge listed in Table S4 were consistent with the propose that the 
charge transfer from oxygen atoms to Fe ions. 

The XPS spectrum of Fe 2p for BUC-21(Fe) is descripted in Fig. 7a. 
The binding energies of Fe 2p3/2 and Fe 2p1/2 are 710.0 and 723.2 eV, 
respectively. The fitting peaks at 709.3 and 723.6 eV are assigned to 
Fe2+ 2p3/2 and Fe2+ 2p1/2, respectively. The binding energy difference 

Fig. 6. (a) Total density of states (TDOS) and (b-c) partial density of states (PDOS) projected onto different atomic orbitals. The Fermi level was set to 0.  

Fig. 7. (a) XPS and (b) Fe K-edge (pre-edge) XANES spectra of BUC-21(Fe) before and after photo-Fenton reaction.  

F.-X. Wang et al.                                                                                                                                                                                                                                



Chemical Engineering Journal 429 (2022) 132495

7

between the Fe 2p3/2 peak and the satellite peak (714.9 eV) is 4.9 eV, 
close to the difference (5.3 eV) of FeSO4 reported previously [68]. After 
photo-Fenton reaction, the intensity of Fe2+ decreases obviously, while 
no substantial change could be found on binding energy. However, the 
peaks at 711.5 and 725.2 eV may result from the existence of Fe3+, 
which attribute to Fe3+ 2p3/2 and Fe3+ 2p1/2, respectively [35,69]. 

Furthermore, in order to clarify the oxidation states and the corre-
sponding content of each Fe-form in the catalyst before and after photo- 
Fenton reaction, linear combination of Fe K-edge X-ray absorption near 
edge structure (XANES) spectra of BUC-21(Fe) was fitted to those of as- 
received FeO (Fe2+) and Fe2O3 (Fe3+), respectively. The Fe2+ pre-edge 
at ca. 7112 eV represents the 1s to 3d transition, whereas the pre-edge 
peak for Fe3+ is at 7114 e V, since the electrons are more strongly 
bound to the Fe nucleus than that to Fe2+, resulting in a shift towards 
high energy [70]. As showed in Fig. 7b and Fig. S7, the fresh BUC-21(Fe) 
sample demonstrated the peak with binding energy of 7112 eV, similar 

with that of standard iron oxide (Fe2+), suggesting that the oxidation 
state of Fe in BUC-21(Fe) is + 2. However, the Fe K edge of the used 
sample shifted to a higher binding energy, implying that the oxidation 
state of Fe became higher after photo-Fenton reaction. This might result 
from oxidation of Fe2+ by H2O2 to form Fe3+. The fitting results, illus-
trated in Table S5, included the identified components, content and 
residual factor for each fit, in which the Fe2+ content on the surface of 
the fresh BUC-21(Fe) sample was calculated as 62%. After heteroge-
neous photo-Fenton reaction, the Fe2+ content decreased to 45%, 
further confirming that the heterogeneous Fenton-like process occurred 
on the surface of the BUC-21(Fe) sheet. 

In the Fenton-like reaction, the Fe ion may unavoidably be leached to 
the solution and accomplishes homogeneous Fenton reaction. Herein, 
the leaching Fe from BUC-21(Fe) was only 1.5 mg L− 1 (5.05% of Fe) 
during the whole photo-Fenton reaction, suggesting that the surface Fe 
(≡Fe) was the main activity sites for decomposing H2O2. Based on the 
above results, a possible mechanism for photo-Fenton degradation of CQ 
over BUC-21(Fe) was proposed (Fig. 8). Under UV light irradiation, 
electrons (e− ) and holes (h+) were excited to produce at the HOMO and 
LUMO of BUC-21(Fe), as Eq. (4). The e− could not only decompose H2O2 
to yield ⋅OH, but also reduce ≡Fe3+ to ≡Fe2+ (Fe3+/Fe2+, E0 = 0.77 V vs 
NHE [71]) (Eq. (7)–(9)), which efficiently prevented the recombination 
of e− - h+ pairs. The linear sweep voltammetry (LSV) was adopted to 
confirm the role of H2O2 in electron transfer. As illustrated in Fig. S8, the 
addition of H2O2 significantly enhanced the current response, indicating 
that the redox reaction between H2O2 and BUC-21(Fe) was enhanced for 
the fast electron transfer process. Similar phenomenon could be found in 
metal-free catalyst like swine manure biochar [72]. In addition, partial 
e− could react with DO to produce ⋅O2

− (Eq. (10)). Whereas, the h+

cannot oxidize H2O to yield ⋅OH since the oxidation potential of H2O (E0 

= 2.73 V vs NHE [35]) was much more positive than that of the HOMO 
of BUC-21(Fe) (0.85 V). The ≡Fe2+ could directly decompose H2O2 to 
yield ⋅OH (Eq. (11)) and to produce ≡Fe3+, which could also be reduced 
to ≡Fe2+ by H2O2 (Eq. (12)). It was deemed that ≡Fe3+/≡Fe2+ cycles 
were promoted by both of photogenerated electron and H2O2. Similar 
result can be found in photoelectron-Fenton reaction process [35]. 

Fig. 8. Plausible mechanism of photo-Fenton degradation CQ over BUC-21 
(Fe) sheet. 

Fig. 9. Photo-Fenton degradation pathway of CQ over BUC-21(Fe).  
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Fig. 10. (a) Bioaccumulation factor, (b) growth inhibition, (c) Daphnia magna LC50 and (d) mutagenicity of CQ and intermediates.  

Fig. 11. (a) PXRD patterns of BUC-21(Fe) before and after photo-Fenton reaction; (b) SEM image of BUC-21(Fe) after photo-Fenton reaction; (c) Reusability of BUC- 
21(Fe) in five consecutive runs and (d) leaching iron ion after per run in photo-Fenton CQ degradation system. 
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BUC − 21(Fe)+ hv→e− + h+ (7)   

H2O2 + e− → ⋅OH + OH− (8)  

≡Fe3+ + e− → ≡Fe2+ (9)  

O2 + e− → ⋅O2
− (10)  

≡Fe2+ + H2O2 → ≡Fe3+ + ⋅OH                                                     (11)  

≡Fe3+ + H2O2 → ≡Fe2+ + HO2
⋅ + H+ (12)  

3.6. Possible CQ degradation pathway and toxicity assessment of its 
intermediates 

In our previous report, DFT calculation was used to clarify the sites of 
CQ molecule where were greater tendency for ROS attack in 
photocatalysis-activated sulfate radical-advanced oxidation process (SR- 
AOP) over MIL-88A composites [8]. The Fukui indexes of CQ molecule 
on nucleophilic (f +) and electrophilic attack (f − ) were illustrated in 
Fig. S9. It is widely considered that ⋅OH is non-selectivity. Therefore, the 
sites with higher Fukui indexes like the C1 (f − = 0.0914), C2 (f + =

0.1131), C5 (f + = 0.0729), C8 (f += 0.1306), C9 (f + = 0.1273), N15 (f −

= 0.1094), (N17 (f − = 0.1145) and N34 (f − = 0.1487), are inclined to 
be attacked by ⋅OH radicals. The intermediates of CQ during the 
oxidation process were detected by UPLC-MS. Based on DFT calculation 
and UPLC-MS products identification, the CQ degradation pathway was 
proposed and depicted in Fig. 9. The N15-C4 cleavage and oxidation to 
form product B (m/z = 322), which was hydroxylated to be product C 
(m/z = 340) quickly [73] (Route 1). The N17 and N34 on the side chain 
is easy to be attacked, similar with that in sulfate radical-advanced 

oxidation process [8]. The product D (m/z = 114) and product E (m/z 
= 159) were detected, which produced from the broken of N17-C19 
bond or N17-C2 bond (Route 2: A → E → F). The aromatic in-
termediates were further oxidative ring open and form small molecule 
(product M). Finally, the intermediates could be completely mineralized 
into CO2. It was found that 16.7% removal efficiency of the total organic 
carbon (TOC) was accomplished within 30 min. 

The toxicity, including bioaccumulation factor, growth inhibition, 
Daphnia magna LC50 and mutagenicity of CQ and the degradation 
products were assessed by Toxicity Estimation Software (T.E.S.T.) ac-
cording to the quantitative structure–activity relationship (QSAR) pre-
diction [8,74]. As displayed in Fig. 10, the bioaccumulation factors of 
products were obviously decreased. The 48 h T. pyriformis IGC50 of the 
product B, C and I were still toxic (<10 mg L− 1), whereas for the further 
oxidation products, the toxicity was significant declined to not harmful 
(>100 mg L− 1) since the broken of benzene ring. The CQ with a Daphnia 
magna LC50 value of 2.9 mg L− 1 was considered toxicity, while the values 
of products (like product G, J and C) were decreased to above 10 mg L− 1 

(harmful) and even to > 1000 mg L− 1 (not harmful) for product M. The 
degradation process also decreased the mutagenicity of CQ, besides 
product M. The results of toxicity assessment suggested that the photo- 
Fenton process could decease the comprehensive toxicity of the CQ. 

3.7. Stability and reusability of BUC-21(Fe) 

The stability of MOFs is important, since the structure not only suffer 
from water, but also being attacked by ROS during the whole AOPs. It 
was believed that MOFs based on “hard” metals (e.g. Zr and Fe) linked 
by organic carboxylate ligands own high stability in water [11]. Ye et al. 
demonstrated that the oxidative resistance and strong affinity of pyri-
dine ring with Fe could greatly enhance the water stability of MOF [35]. 
Therefore, BUC-21(Fe), Fe nodes and linked by an organic carboxylate 

Fig. 12. (a) Degradation and (b) removal efficiencies of CQ over BUC-21(Fe) and MIL-88A under different conditions; (c) Nyquist plot of BUC-21(Fe) and MIL-88A; 
(d) Concentration of ⋅OH radicals with time over BUC-21(Fe) and MIL-88A. Reaction conditions: 15 mg catalyst, 15 μL H2O2, 50 mL CQ (10 mg L− 1), pH = 5.0, 10 W 
LED UV light (365 nm). 
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ligand and a rigid ligand with pyridine ring, is considered to be stable 
during the photo-Fenton reaction. As showed in Fig. 11a, the XRD 
pattern of BUC-21(Fe) after photo-Fenton reaction was fitted well with 
that of the fresh sample. Besides, the morphology experienced no 
obvious change (Fig. 11b), indicating that the structure of BUC-21(Fe) 
was stable. 

The reusability of BUC-21(Fe) was evaluated from CQ degradation 
for five runs. As showed in Fig. 11c, almost complete CQ was degraded 
even after fifth run, suggesting good reusability of the catalyst. The 

concentration of Fe ion leaching from the catalyst was no >1.5 mg L− 1 at 
each run (Fig. 11d), less than that of the environmental standard (2 mg 
L− 1) [75], further confirming good stability of BUC-21(Fe) during photo- 
Fenton reaction. 

3.8. Comparation of the photo-Fenton activities between BUC-21(Fe) and 
MIL-88A 

MIL-88A is a 3D Fe-MOF owing excellent light absorption perfor-

Fig. 13. Degradation of (a) SMX and (b) BPA under different conditions; (c) Effect of pH on BPA degradation; (d) The cyclic experiment of photo-Fenton degradation 
of BPA. Reaction conditions: 15 mg BUC-21(Fe), 50 mL SMX (5 mg L− 1) with 15 μL H2O2 or BPA (10 mg L− 1) with 10 μL H2O2, UV light. 

Table 1 
Comparison of photo-Fenton degradation activities toward the SMX and BPA over different Fe based catalysts.  

Catalyst Organic 
pollutant 

C0 (mg 
L− 1) 

Catalyst dosage 
(mg) 

H2O2 dosage (mmol 
L− 1) 

pH Light source Time 
(min) 

Removal efficiency 
(%) 

Ref. 

MIL-88B-Fe/ 
Ti3C2 

SMX 30 10 10 3 500 W, vis 120 99 [77] 

NiFe-CNT SMX 5 1 7.84 5 100 W, UV 120 100 [78] 
CuFe2O4 SMX 10 20 10 6.7 300 W, vis 120 96 [79] 
MIL-88A SMX 5 15 2.94 5 10 W, UV 30 52 This 

work 
MIL-101(Fe) SMX 5 15 2.94 5 10 W, UV 30 50 This 

work 
BUC-21(Fe) SMX 5 15 2.94 5 10 W, UV 25 100 This 

work 
PANI/MIL-88A 

(Fe) 
BPA 10 10 3.92 / 5 W, white 

light 
30 100 [38] 

Fe0-vermiculite BPA 91 50 20 5 300 W, vis 120 94 [80] 
MIL-88(A) BPA 10 10 19.6 / 10 W, vis 60 100 [37] 
MIL-101(Fe) BPA 10 15 2.94 5 10 W, UV 30 98 This 

work 
BUC-21(Fe) BPA 10 15 2.94 5 10 W, UV 15 100 This 

work 

Note: CNT = carbon nanotube; PANI = Polyaniline. 

F.-X. Wang et al.                                                                                                                                                                                                                                



Chemical Engineering Journal 429 (2022) 132495

11

mance from UV to visible light, similar with that of BUC-21(Fe). Many 
studies have proved that MIL-88A is a potential photocatalyst for photo- 
Fenton process [36,38,76]. In order to better understand the advantage 
of BUC-21(Fe), MIL-88A was selected to degrade CQ under the same 
conditions. As descripted in Fig. 12a-12b, the CQ removal efficiencies 
over BUC-21(Fe) were identical to that over MIL-88A in photocatalysis 
system (catalyst + UV) and heterogenous Fenton systems (catalyst +
H2O2), respectively. However, in photo-Fenton process (catalyst + H2O2 
+ UV), 93.3% CQ was decomposed over MIL-88A with TOF 0.3153 L 
g− 1 min− 1, whereas 100% CQ was degraded over BUC-21(Fe) with 
higher TOF (0.3873 L g− 1 min− 1) within 30 min. As showed in Fig. 12c, 
the radius of circular arc of BUC-21(Fe) in electrochemical impedance 
spectroscopy (EIS) Nyquist plots was smaller than that of MIL-88A, 
indicating smaller charge transfer resistance and higher separate effi-
ciency of the electron-hole pairs on BUC-21(Fe). Besides, the generated 
⋅OH was qualitatively analyzed by UPLC. Under the same conditions, the 
⋅OH concentration generated over BUC-21(Fe) was 242.5 μmol L− 1 

(Fig. 12d), nearly 1.9 times as high as that over MIL-88A (128.6 μmol 
L− 1). Moreover, the conversion efficiencies from H2O2 to ⋅OH over BUC- 
21(Fe) and MIL-88A were calculated by the Eq. (13), where M, m1 and 
m2 is the mass of the generated ⋅OH (mol), the dosage of catalyst (g) and 
the volume of H2O2 (L), respectively. The n⋅OH values were calculated to 
be 179.6 and 95.3 mol g− 1 L− 1 for BUC-21(Fe) and MIL-88A, respec-
tively. The results confirmed that BUC-21(Fe) exhibited better perfor-
mance for decomposing H2O2 to form ⋅OH than MIL-88A. 

nÂ⋅OH =
M

m1 × m2
(13)  

3.9. The universality toward other emerging organic pollutants in the 
photo-Fenton process over BUC-21(Fe) 

In order to further explore the photo-Fenton performance of BUC-21 
(Fe), degradation of some other organic pollutants like SMX and BPA 
were carried out under similar conditions. The results showed that both 
SMX and BPA could be completely removed within 25 and 15 min 
(Fig. 13a-b and Fig. S10), respectively, suggesting excellent universality 
of BUC-21(Fe). The influences of initial pH on photo-Fenton degradation 
efficiency were also studied, which suggested that the pollutants could 
be efficiently removed at a range pH of 3.0–7.0 (Fig. 13c and Fig. S11). 
As well, five reuse cycles of BUC-21(Fe) for photo-Fenton BPA degra-
dation was explored, which demonstrated that the removal efficiency of 
BPA kept at a high level (~100%) at each run (Fig. 13d). The results re- 
confirmed the good reusability of BUC-21(Fe). BUC-21(Fe) exhibited 
superior photo-Fenton performance toward organic pollutants degra-
dation to the counterpart Fe-based catalysts (Table 1). 

4. Conclusion 

A micron-sized 2D MOF BUC-21(Fe) sheet was synthesized, which 
displayed excellent heterogeneous photo-Fenton activity and high sta-
bility in water. CQ, as emerging organic pollutant model, was degraded 
efficiently within 30 min at pH = 5.0. The high efficiency might be 
contributed to the following: (i) Fast mass transport rate (H2O2 and 
organic pollutants) and easy accessibility of the active sites because of 
the unique 2D structure; (ii) The inhibited recombination of electron and 
hole due to the photo-excited electron being consumed by H2O2 and 
Fe3+; (iii) H2O2 being decomposed to form ⋅OH with high yield effi-
ciency of 242.5 μmol L− 1 by both Fe2+ and photo-excited electron; (iv) 
Fe3+ being reduced to Fe2+ via the reaction between H2O2 and photo- 
excited electron to achieve efficient generation of Fe2+. It was 
observed that CQ was degraded into small molecules via heterogeneous 
photo-Fenton reaction, in which the comprehensive toxicity of the sys-
tem was greatly reduced. Besides CQ, some other emerging organic 
pollutants like SMX and BPA can also be decomposed effectively over 
BUC-21(Fe) sheets via photo-Fenton-like reaction, indicating that BUC- 

21(Fe) can be adopted to degrade general organic pollutants without 
selectivity. This work might tap a door that micron-sized 2D MOFs 
sheets may be potential candidates for heterogeneous photo-Fenton 
process. 
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