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A B S T R A C T   

In this study, β-FeC2O4⋅2H2O was employed to activate molecular oxygen for the generation of abundant hy-
droxyl radicals (•OH) for efficient degradation of toxic Microcystin-LR (MC-LR) at ambient conditions. Specif-
ically, dioxygen is selectively reduced to H2O2 through a two-electron transfer pathway on the (0 2 2) facet of 
β-FeC2O4⋅2H2O crystals, and then H2O2 reacts with Fe(II) to form •OH. The electron utilization efficiency of 
β-FeC2O4⋅2H2O toward •OH is high up to 87.7%, ensuring the formation of a sustainable •OH stream. In 
addition, the Fe3+ generated from β-FeC2O4⋅2H2O oxygenation coordinates with oxalate to form soluble [Fe3+- 
(C2O4

2-)2]- complex, avoiding the formation of passivated Fe(III) oxide/hydroxide shell on β-FeC2O4⋅2H2O and 
enabling the long durability of β-FeC2O4⋅2H2O. When MC-LR is oxidized, the •OH primarily attacks the conju-
gated dienes (the essential group for the hepatotoxicity) in the Adda side chain of MC-LR. The toxicity assessment 
by PP2A test shows that the oxidation products are not hepatotoxins. As β-FeC2O4⋅2H2O governing water 
treatment is easily manipulated, cost-effective, highly effectual, environmentally benign as well, it is promising 
to eliminate MC-LR contamination in natural waters and can be applied in large scale.   

1. Introduction 

Recently, the frequent break-out of cyanobacterial harmful algal 
blooms (cyano-HABs) caused by nutrient over-enrichment and global 
warming have raised critical concerns about the safety of drinking water 
resources as the microcystins (MCs), the toxic metabolites produced by 
cyano-HABs, present extreme threats (carcinogenesis, damage of liver, 
kidney, and heart) to health of human beings [1–3]. Among the 
numerous MCs, microcystin-leucine arginine (MC-LR) is one of the most 
toxic (Rat LD50 is 50 µg/kg) and abundant in natural waters [4]. The 
World Health Organization (W. H. O) recommends that the value of 
MC-LR in drinking water should be no more than 1 µg/L based on its 
toxicity toward human beings [5]. 

To date, various technologies, including Fenton reaction [6], elec-
trochemical oxidation [7], and photo-oxidation (including photolysis 
and photocatalysis) [8–11], have been proposed to remove MC-LR. 
However, these strategies suffer from complex manipulation, possible 
secondary pollution or high operating cost. Molecular oxygen (O2) is the 

greenest and abundant oxidant in natural waters [12]. But direct 
oxidation of MC-LR by O2 under ambient condition is hardly achieved 
because of the spin-forbidden nature of O2 [13]. Lately, a series of 
iron-based materials (such as granular or nanoscale zero-valent iron 
(ZVI) [14–16], ferrous sulfides [17,18], bimetallic materials [19,20]) 
were used to activate O2 to produce hydroxyl radical (•OH) (Eq. 1 - 4) 
which could efficiently destroy various persistent organic pollutants 
including MC-LR. Nevertheless, the electron utilization efficiency of the 
iron-based materials toward •OH yield is typically less than 10% [21], 
which may dramatically restrict their practical application. 

O2 +Fe(s)0
+ 2H+ = H2O2 + Fe2+ (1)  

O2 + Fe2+ = ⋅O2
− + Fe3+ (2)  

⋅O2
− + Fe2+ + 2H+ = Fe3+ + H2O2 (3)  

H2O2 +Fe2+ = ⋅OH+ Fe3+ +OH− (4) 
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So far, a number of organic/inorganic ligands, such as ethylenedi-
amine tetraacetate (EDTA), citrate (CIT), tetrapolyphosphate (TPP), and 
polyoxometalate (POM), were introduced to enhance •OH generation 
during molecular oxygen activation with iron-based materials [22–27]. 
The primary role of the ligands is iron-chelation, which increases the 
solubility of Fe(III) and prevents formation of passivated Fe(III) oxi-
de/hydroxide shell on the surface of iron-based materials. However, 
organic ligands can consume •OH, lowering the degradation efficiency 
of pollutants, and their emission to the environment can also cause se-
vere secondary pollution [28]. What’s more, the electron utilization 
efficiency toward •OH generation is still far from satisfactory. This is 
because a too strong interaction is formed between the reaction site and 
O2, which easily dissociates the O–O bond of O2 and facilitates direct 
conversion of O2 to H2O (Eq 5) [29]. Obviously, this problem is difficult 
to be solved by the above-mentioned ligand-adding approaches. 
Therefore, searching for an iron-based material with proper binding 
strength between O2 and reaction site for efficient •OH generation is of 
great significance in the remediation of MC-LR pollution. 

O2 + 2Fe(s)0
+ 4H+ = 2Fe2+ + 2H2O (5) 

Recent studies have found that the iron atom adjacent to several 
oxygen functional groups (-COOH and C-O-C) is the active site for 
creating H2O2 from electron-reduction of O2 through a two-electron 
transfer pathway [30]. This is mainly due to the unique electronic 
properties of the single Fe atom as well as its adjacent coordination 
environment (Fe-O-C), which endows proper binding strength between 
the Fe atom with O2 for efficient H2O2 generation [31,32]. Ferrous ox-
alate dihydrate (FeC2O4⋅2H2O), so-called humboldtine in the field of 
mineralogy, is one of the simplest coordinated polymers and widely 
exists in brown coal and soil [33]. It has an extended one-dimensional 
network and each Fe(II) atom coordinates to oxalate unit via Fe-O-C 
bond. Analogously, the typical Fe-(O2)C-C(O2) structure in 
FeC2O4⋅2H2O may endow it with proper binding strength with O2. Be-
sides, it has excellent performance to provide abundant electrons [34, 
35], thus may achieve continuous and efficient H2O2 production 
through oxygen reduction reaction (ORR). Furthermore, FeC2O4⋅2H2O 
with abundant Fe2+ in the layered structure could directly capture and 
activate H2O2 to produce •OH. Therefore, we hypothesized that 
FeC2O4⋅2H2O featuring the synergistic effects of H2O2 generation and 
activation would be an attractive iron-based candidate for the genera-
tion of •OH and degradation of MC-LR. 

Herein, the MC-LR degradation efficiency in the β-FeC2O4⋅2H2O/O2 
system was investigated in detail. Meanwhile, the reactive oxygen spe-
cies (ROS, i.e., H2O2 and •OH) yields and the electron utilization effi-
ciency of β-FeC2O4⋅2H2O toward •OH generation were determined. 
Subsequently, the mechanism of molecular oxygen activation by 
β-FeC2O4⋅2H2O for •OH generation was systematically studied with help 
of rotating ring disk electrochemical analysis, various advanced char-
acterization techniques, and theoretical calculations. In particular, the 
association between surface structure and molecular O2 activation of 
β-FeC2O4⋅2H2O was revealed. By identifying the final products from MC- 
LR degradation, the pathway illustrating the degradation details con-
cerning MC-LR was proposed. Moreover, the PP2A activity test 
demonstrated that the hepatotoxicity of MC-LR degradation products 
was completely eliminated, leaving no acute toxicity effects. This work 
proposes a new strategy to activate O2 for the efficient •OH generation 
along with a profound insight about the involved mechanism. 

2. Experiment section 

2.1. Reagents 

Ferrous sulfate heptahydrate (≥ 99.0 %), oxalic acid dihydrate (≥
99.0 %), sodium hydroxide (≥ 96.0 %), sulfuric acid (98.0 %), methanol 
(≥ 99.5 %) and tert-butyl alcohol (≥ 99.5 %) were bought from National 

Medicines Corporation Ltd., China. Superoxide dismutase (SOD; ≥
1400 U mg− 1 protein) and catalase (CAT; ≥ 100 U mg− 1 protein) were 
obtained from Shanghai Yuanye Bio-Technology Co. Ltd. Microcystin- 
leucine arginine (MC-LR) was bought from Agent Technology Co., Ltd. 
The detailed procedure for synthesis of β-FeC2O4⋅2H2O is provided in 
Text S1 in SI. 

2.2. Degradation experiments 

In the typical MC-LR degradation experiment, β-FeC2O4⋅2H2O 
(0.018 g) was added into the conical glass flask containing 100 mL of 
MC-LR solution (1.0 mg/L). The conical flask was then transferred into a 
shaker, and the rotate speed was set at 200 rpm. The temperature was 
kept at 25 ◦C during the reaction. At regular intervals, the degradation 
solutions were taken out with a syringe and filtered through a nylon 
syringe filter (0.22 µm) to separate β-FeC2O4⋅2H2O. Subsequently, 
methanol (0.5 mL) was added into the sampled solution (1.5 mL) to 
prevent further degradation of MC-LR. The O2-free control experiment 
was performed in Ar-purged solution. The reacted β-FeC2O4⋅2H2O was 
obtained through centrifugal separation and dried at 60 ◦C under vac-
uum condition for subsequent characterization. 

2.3. Analytical methods 

A high-performance liquid chromatography was used to determine 
the concentrations of MC-LR and the oxidation products of benzoic acid. 
The concentration of total iron dissolved in aqueous solution was 
measured by a flame atomic absorption spectrometer (FAAS) (Analytik, 
Jena, Germany). The concentration of Fe(II) was determined by 1,10- 
phenanthroline method. The concentration of Fe(III) was calculated 
from the difference between the total dissolved iron and Fe(II). A high- 
performance liquid chromatography with electro-spray ionization high- 
resolution mass spectrometry was applied to identify the products of 
β-FeC2O4⋅2H2O oxygenation in the solutions. The detailed information 
about the analytical methods was provided in Supporting Information 
(Text S2 in SI). The concentration of hydrogen peroxide (H2O2) was 
determined spectrophotometrically using the Ce(SO4)2 method [30]. 
The hepatotoxicities of MC-LR and its transformation products in the 
reaction solution were evaluated by the PP2A activity assay [36], and 
the detailed information is presented in Text S3 in SI. 

2.4. Characterizations 

The electron transfer numbers (n) of ORR on the surface of 
β-FeC2O4⋅2H2O were calculated by the rotating disc electrode (RDE) 
experiment [37]. The detailed information about RDE experiment is 
presented in Text S4 in SI. The crystal phase structures of the 
as-synthesized samples were characterized by X-ray powder diffraction 
(Bruker D8 ADVANCE) using graphite monochromatized Cu Kα 
(λ = 1.5406 Å) radiation, and the range of 2θ = 10–60◦ was scanned at a 
rate of 2◦/min. Scanning electron microscope (FEI, Holland) and 
transmission electron microscope (Tecnai F20, FEI, USA) were used to 
observe the morphology of the samples. The surface chemical charac-
teristic of the sample was identified by X-ray photoelectron spectroscopy 
(PHI 5700 ESCA System, USA). 

2.5. Theoretical calculations 

Density functional theory (DFT) calculations were carried out to 
simulate the adsorption behavior of O2 and oxygen reduction reaction 
on the surface of β-FeC2O4⋅2H2O with Materials Studio-DMol3 code. The 
detailed information about calculation procedure is provided in Text S5 
in SI. 
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3. Results and discussion 

3.1. Degradation of MC-LR by β-FeC2O4⋅2H2O 

Degradation of MC-LR by β-FeC2O4⋅2H2O was conducted under 
aerobic condition at 25 ◦C. As shown in Fig. 1a, almost all MC-LR is 
degraded within 12 h at initial pH 6.50. The degradation curve obeys 
the pseudo-first-order kinetic equation and the rate constant is deter-
mined to be 0.2689 h− 1 (Fig. S1). For comparison, MC-LR degradation 
by sole Fe2+ and oxalic acid at initial pH 6.50 is very slow. Only 43.6% of 
MC-LR is removed in the Fe2+/C2O4

2-/O2 system within 12 h 
(k = 0.0474 h− 1). Besides, negligible MC-LR is removed in the 
β-FeC2O4⋅2H2O/Ar system, verifying the importance of simultaneous 
presence of β-FeC2O4⋅2H2O and O2 in the degradation of MC-LR. In 
addition, the MC-LR degradation performance of β-FeC2O4⋅2H2O was 
compared with other iron-based materials (such as nZVI, FeS, FeS2, and 
FeCO3) because all them had potential for activating molecular O2 to 
generate •OH [17]. As exhibited in Fig. S2, oxidative degradation of 
MC-LR by β-FeC2O4⋅2H2O is much more efficient than those of 
iron-based materials at identical conditions. These results indicate that 
β-FeC2O4⋅2H2O can efficiently activate O2 to form reactive oxygen 
species for the removal of MC-LR. 

3.2. Identification and quantification of ROS 

Spin-trapping EPR technique was employed to identify the short- 
lived reactive species (such as •O2

- , •OH) generated in the 
β-FeC2O4⋅2H2O/O2 system. DMPO was used as a spin-trapping agent. As 
shown in Fig. 1b, the typical pattern of DMPO-•OH adduct is observed in 
the β-FeC2O4⋅2H2O/O2 system after 2 h of reaction. But such a signal is 
not detected in the β-FeC2O4⋅2H2O/Ar system. This result confirms that 
β-FeC2O4⋅2H2O can activate molecular oxygen to form •OH. To further 
determine the individual contribution of reactive species in degradation 
of MC-LR, a series of scavenging experiments were performed in the 
β-FeC2O4⋅2H2O/O2 system by adding different scavengers (SOD for •O2

- , 
TBA for •OH, and catalase for H2O2, respectively) (Fig. S3). As exhibited 
in Fig. 1c, the degradation rate constant (k) of MC-LR decreased from 
0.2689 h− 1 without scavengers to 0.2508, 0.0175, and 0.0025 h− 1 in the 
presence of SOD, catalase, and TBA, respectively. We calculated the 
inhibitory efficiency (η) of the different scavengers with Eq. 6. 

η% = ((k − ks)/k) × 100% (6) 

MC-LR degradation rate constant is merely declined by 2.7% in the 
presence of SOD, ruling out the contribution of •O2

- on MC-LR degra-
dation in the β-FeC2O4⋅2H2O/O2 system. Meanwhile, TBA almost 
completely suppresses the degradation of MC-LR, further confirming 
that •OH is the major reactive species and responsible for MC-LR 

Fig. 1. (a) Time profiles of the aerobic MC-LR degradation in different systems. The initial concentration of MC-LR was 1.0 mg/L. The initial concentrations of Fe2+, 
oxalic acid, and β-FeC2O4⋅2H2O were 1.0 mmol/L. The initial pH values were 6.50. (b) EPR spectra of DMPO spin-trapping •OH radical obtained from 
β-FeC2O4⋅2H2O/O2 (red line) and β-FeC2O4⋅2H2O/Ar (black line) systems. (c) Plots of ln(C0/C) versus time for MC-LR degradation in the β-FeC2O4⋅2H2O/O2 systems 
with addition of different scavengers (TBA for •OH, CAT for H2O2, SOD for •O2

- ). The initial concentrations of the TBA, CAT and SOD were 200 mmol/L, 100 mg/L, 
and 100 mg/L, respectively. (d) The inhibitory efficiency (η) of different scavengers during MC-LR degradation in the β-FeC2O4⋅2H2O/O2 system. 

Q. Fu et al.                                                                                                                                                                                                                                       



Applied Catalysis B: Environmental 321 (2023) 121970

4

degradation. As the degradation rate is decreased by 93.5% with cata-
lase, it turns out that H2O2 is the dominant intermediate for the for-
mation of •OH. 

To further verify above assumption, we determined the amount of 
ROS (i.e., H2O2 and •OH) generated in the •OH)2O4⋅2H2O/O2 system. 
As Fig. S4 reveals, the concentration of H2O2 is increased as a function of 
reaction time and approaches a constant value (167.93 μmol/L) within 
12 h while it is negligible under anaerobic condition, confirming that 
H2O2 is mainly derived from O2 reduction by β-FeC2O4⋅2H2O. There-
after, we quantitatively measured the amount of •OH generated via 
molecular oxygen activation by β-FeC2O4⋅2H2O and estimated the 
electron utilization efficiency toward •OH. The cumulative concentra-
tion of •OH was quantified using hydroxylation of benzoic acid as a 
probe reaction [38]. The initial concentration of benzoic acid was set at 
10.0 mmol/L to make sure all •OH react with benzoic acid. Four organic 
acids are produced from this reaction (Fig. 2a), including salicylic acid 
(2-HBA, retention time: 23.43 min, λmax: 300 nm), 3-hydroxybenzoic 
acid (3-HBA, retention time: 10.69 min, λmax: 300 nm), 4-hydroxyben-
zoic acid (4-HBA, retention time: 8.06 min, λmax: 276 nm), and 2,5-dihy-
droxybenzoic acid (2,5-DHBA, retention time: 9.55 min, λmax: 330 nm). 
The concentrations of these hydroxybenzoate products are increased 
gradually with reaction time and accumulated to 35.77 μmol/L (2-HBA), 
30.05 μmol/L (3-HBA), 23.92 μmol/L (4-HBA), and 101.27 μmol/L (2, 
5-DHBA) within 192 h (Fig. 2b). The cumulative concentration of •OH 
produced from molecular oxygen activation with β-FeC2O4⋅2H2O is 
determined to be 292.28 μmol/L by Eq. 7. Meanwhile, the concentration 
of Fe(III) released into aqueous solution is increased as function of re-
action time and gradually approaches the steady value of 1.0 mmo/L 
after 192 h of reaction (Fig. S5), suggesting that all of Fe(II) species of 
β-FeC2O4⋅2H2O are involved in the molecular oxygen activation process. 
In addition, it is found that negligible hydroxybenzoate products is 
generated in the Fe3+/C2O4

2-/O2 system (data not shown), indicating O2 
can not be activated by Fe3+ and C2O4

2- to produce •OH. It is believed 
that all the electron involved in •OH generation is derived from Fe(II) 
species of β-FeC2O4⋅2H2O. In theory, three Fe(II) in β-FeC2O4⋅2H2O 
polymer are consumed to produce one •OH (Eq. 8- Eq. 9). The electron 
utilization efficiency (ηe) of β-FeC2O4⋅2H2O toward •OH generation is 
defined by Eq. 10, and ηe is calculated to be 87.7%. For comparison, the 
electron utilization efficiency (ηe) of nZVI, FeS, FeS2, and FeCO3 toward 
•OH generation is determined to be 0.11 %, 9.22 %, 0.47 % and 3.55 %, 
respectively (Figs. S6-S8, the detailed calculation procedures were 

provided in Text S6 in Supporting Information). Obviously, 
β-FeC2O4⋅2H2O presents exceptional performance towards •OH gener-
ation in terms of high electron utilization efficiency. We therefore 
conclude that O2 can be activated by β-FeC2O4⋅2H2O to produce plenty 
of ROS for the efficient degradation of MC-LR under ambient condition. 

According to previous study [38], surface-bound •OH reacting with 
benzoic acid may lead to extensive generation of 2,5-DHBA. As shown in 
Fig. 2b, the major oxidation product of benzoic acid is 2,5-DHBA and its 
ratio with respect to the total hydroxylated products is 53.0%. This 
result indicates that surface-bound •OH is the dominant reactive species 
in the β-FeC2O4⋅2H2O/O2 system. Thereby, it is proposed that molecular 
oxygen action and subsequent •OH generation mainly occur at surface 
of β-FeC2O4⋅2H2O rather than in aqueous solution. 

[⋅OH] = [2 − HBA] + [3 − HBA] + [4 − HBA] + 2 × [2, 5 − DHBA] (7)  

2β − FeC2O4⋅2H2O+O2 = 2Fe3+ +H2O2 + 2H2O+ 2OH− + 2C2O2−
4 (8)  

β − FeC2O4⋅2H2O+H2O2 = Fe3+ + ⋅OH+ 2H2O+OH− +C2O2−
4 (9)  

ηe(%) = 3 × [⋅OH]/1 mmol/L × 100% (10)  

3.3. The oxygen reduction pathway on β-FeC2O4⋅2H2O for ROS 
generation 

According to previous studies, H2O2 can be produced through either 
a two-electron transfer pathway (Eq. 1) or a sequential single-electron 
transfer pathway (Eq. 2 - 3) [39]. The scavenging experiment reveals 
that SOD merely poses a drop of 2.7% regarding MC-LR degradation, 
indicating that the single-electron transfer is not the dominant pathway 
of O2 reduction for H2O2 generation in the β-FeC2O4⋅2H2O/O2 system. 
As a result, it is probable that the generation of H2O2 follows a direct 
two-electron transfer (O2 → H2O2) pathway [40,41]. To verify the above 
assumption, a rotating disc electrode experiment was conducted to 
calculate the electron transfer number of O2 reduction reaction on 
β-FeC2O4⋅2 H2O surface [42]. The linear sweep voltammetry (LSV) of 
rotating β-FeC2O4⋅2 H2O film glassy carbon disc electrode in KOH so-
lution (0.1 mol/L) was obtained at rotating rates of 400, 625, 900, 1225, 
and 1600 rpm, respectively (Fig. 3a). The plateau currents were deter-
mined at a potential of 0.45 V. Koutecky-Levich equation was then 
employed to estimate the electron transfer number of ORR at plateau 
currents. According to Eq. 11, current density (J) is consisted of a kinetic 

Fig. 2. (a) The HPLC chromatograms of oxidation products of benzoic acid sampled at 192 h in the β-FeC2O4⋅2H2O/O2 system. (b) Temporal concentrations of 
degradation intermediates during benzoic acid degradation as a function of time in the β-FeC2O4⋅2H2O/O2 system. The initial concentrations of β-FeC2O4⋅2H2O and 
benzoic acid were 1.0 mmol/L and 10.0 mmol/L, respectively. The initial pH value was 6.50. 
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part (Jkin) and a diffusion part (Jdiff). 

1
J
=

1
JKin

+
1

Jdiff
=

1
JKin

+
1

B
̅̅̅̅
ω

√ (11)  

in which B factor is determined by 

B = 0.62 • n • F • V − 1/6 • C02 • D02
2/3 (12)  

where n is the electron transfer number of ORR, F is the Faraday con-
stant, V is the kinematic viscosity of 0.1 mol/L KOH electrolyte, C02 is the 
concentration of oxygen in aqueous solution, D02 is the diffusivity of 
oxygen. The related data about the calculation procedure are presented 
in Tables S1–S3 in the Supporting Information. The electron transfer 
number of ORR is determined to be 2.04 for β-FeC2O4⋅2H2O (Fig. 3b), 
indicating that O2 is directly reduced to O2

2- through a two-electron 
transfer pathway on the surface of β-FeC2O4⋅2H2O. The coordinated 
H2O molecules in β-FeC2O4⋅2H2O offer protons to react with O2

2- to form 
H2O2 (Eq. 13) because ferrous ions of FeC2O4⋅2H2O can function as the 
Lewis acid site to scissor the O-H bond of the coordinated H2O [43]. 
These results manifest that β-FeC2O4⋅2H2O possesses proper binding 
strength with O2 for efficient H2O2 generation, thus avoiding the direct 
reduction of O2 to H2O. And then, the in-situ generated H2O2 can be 
efficiently activated to •OH by Fe(II) of β-FeC2O4⋅2H2O, supplying 
continuous •OH stream for the subsequent oxidation of MC-LR. 

O2−
2 + 2H+ = H2O2 (13)  

3.4. The surface structure-dependent molecular oxygen activation 
property of β-FeC2O4⋅2H2O 

The morphology and structure of the β-FeC2O4⋅2H2O before and after 
reaction were characterized by SEM and TEM to obtain more details of 
molecular oxygen activation with β-FeC2O4⋅2H2O. As shown in Fig. 4a, 
the fresh β-FeC2O4⋅2H2O has a cubic-like shape with a smooth surface. 
As for the used β-FeC2O4⋅2H2O, its body surface is still smooth while the 
two ends are etched (Fig. 4b). Namely, the bottom and top surfaces are 
rough and hollowed-out after the reaction (Fig. 4b). Comparing Fig. 4c 
with 4d, the TEM images validate that oxygenation of β-FeC2O4⋅2H2O 
mainly happens at the bottom and top surfaces of β-FeC2O4⋅2H2O, which 
indicates that the O2 activation rests with the surface structure of 
β-FeC2O4⋅2H2O. 

In order to elucidate this surface-structure dependent O2 activation 
process, high-resolution TEM analysis (HRTEM) was further employed 
to identify the exposed facet of the four lateral surfaces and the bottom 

and top surfaces of β-FeC2O4⋅2H2O according to the crystal lattice 
spacing. HRTEM image of the lateral surface exhibits clear lattice fringes 
with an interplanar lattice spacing of 0.261 nm and 0.189 nm, which 
correspond to the (0 2 2) facet and (0 2 6) facet, respectively (Fig. 4e). 
The corresponding selected area electron diffraction (SAED) pattern, 
indexed as the (4 0 0) zone, displays the single-crystalline characteristic 
of the β-FeC2O4⋅2H2O sample. The angle labeled in the SAED pattern is 
27.4◦ (Fig. 4 g), which is identical to the theoretical value (Text S7 in SI) 
of the angle between the (0 2 2) and (0 2 6) facets. In addition, the 
HRTEM image of the bottom surface shows the lattice fringe spacing of 
0.306 nm, which is assigned to the (4 0 0) facet of β-FeC2O4⋅2H2O 
(Fig. 4f). On the basis of the above results, the four lateral surfaces are (4 
0 0) facets, while the (0 2 2) facet emerges on the top and bottom sur-
faces of β-FeC2O4⋅2H2O (Fig. 4h). The β-FeC2O4⋅2H2O (4 0 0) facet is of 
close-packed structures with high-density O atoms exposure (Fig. S9). 
The geometric structure of O2 adsorbed on (4 0 0) facet was optimized 
by DFT calculation. As shown in Fig. 4i, the height of adsorption is 
3.09 Å, indicating their weak interaction and thus ruling out the possi-
bility of chemisorption. For comparison, β-FeC2O4⋅2H2O (0 2 2) facet 
possesses an open structure with Fe atom exposed (Fig. S10), which 
benefits the O2 adsorption and subsequent molecular oxygen activation 
process. According to previous studies, the molecular oxygen activation 
pathways are strongly dependent on O2 adsorption mode [44,45]. We 
then explored O2 adsorption behavior on the β-FeC2O4⋅2H2O (0 2 2) 
facet and gained in-depth insight into how the surface properties 
controlled the molecular oxygen activation pathway. As shown in Fig. 4j 
and Table S4, O2 can be adsorbed on the Fe site to form a side-on 
structure with an adsorption energy of − 1.74 eV. The O–O bond 
length is extended to 1.42 Å, which is close to that of O2

2- (1.49 Å). Be-
sides, O2 can also interact with the Fe site by a perpendicular posture 
(end-on mode), the corresponding adsorption energy is − 1.62 eV and 
O–O bond length is prolonged to 1.27 Å, close to the bond lengths of •O2

- 

(1.33 Å) (Fig. S11). According to the adsorption energies and the O-O 
bond length analysis, it can be inferred that O2 prefers to combine with 
the Fe(II) site on β-FeC2O4⋅2H2O (0 2 2) facet through side-on mode, and 
the adsorbed O2 is more likely to be reduced to O2

2- species rather than 
•O2

- , which is consistent with above experimental results. Subsequently, 
we employed the deformation charge density difference to further 
elucidate the electron transfer pathway during O2 activation processes 
on the β-FeC2O4⋅2H2O (0 2 2) facet. The image of charge density dif-
ference for O2 adsorbed on the β-FeC2O4⋅2H2O (0 2 2) facet is shown in 
Fig. 4k. When the isovalue is set at 0.013 au, the electron cloud density 
of iron atoms in both out and inner layer oxide shell decreases, while the 

Fig. 3. (a) Linear scanning voltammetry (LSV) of rotating β-FeC2O4⋅2H2O film disc electrode in O2-saturated 0.1 mol/L KOH solutions (pH 13), at rotating rates of 
400, 625, 900, 1225, and 1600 rpm. (b) Koutecky-Levich plots of β-FeC2O4⋅2H2O film at plateau currents. The dashed lines show the standard slopes for n = 1, 2, 
and 4. 
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electron cloud density of adsorbed O2 increases. This result indicates 
that the direction of charge transfer is from β-FeC2O4⋅2H2O to O2 
molecule. This electron transfer is originated from the back-donation of 
the d-orbital electron of Fe(II) to the π2p* orbitals of O2. Such electron 
back-donation phenomenon is common in many iron-based catalysts, in 
which the adsorbed O2 is activated to form reactive oxygen species [46]. 

3.5. Mechanism of ROS generation by β-FeC2O4⋅2H2O 

According to above experimental and theoretical results, a plausible 
pathway of molecular oxygen activation with β-FeC2O4⋅2H2O for •OH 
generation is illustrated below. Molecular oxygen is adsorbed onto the 
β-FeC2O4⋅2H2O (0 2 2) surface through combining with the Fe(II) atom 
to form a side-on structure, then two electrons from Fe(II) sites transfer 
to the adsorbed O2 and convert O2 to O2

2-. Afterward, the coordinated 
H2O in the β-FeC2O4⋅2H2O offers protons to react with O2

2- to form H2O2 
because ferrous ions of FeC2O4⋅2H2O can function as the Lewis acid site 
to scissor the O–H bond of the coordinated H2O. Finally, the in situ 
generated H2O2 can be efficiently activated to •OH by Fe(II) from 
β-FeC2O4⋅2H2O. 

3.6. The durability of β-FeC2O4⋅2H2O for aerobic degradation of MC-LR 

The durability of β-FeC2O4⋅2H2O is critical for its practical applica-
tion in degradation of MC-LR. As depicted in Fig. 5a, β-FeC2O4⋅2H2O 
maintains a high reactivity for aerobic degradation of MC-LR even in the 
fifth cycle, much better than previous reported iron-based materials, 
suggesting its outstanding durability. XRD patterns of the fresh and used 
β-FeC2O4⋅2H2O in Fig. 5b demonstrate that the diffraction peaks of the 
β-FeC2O4⋅2H2O become weaker as the reaction cycle increases, sug-
gesting corrosion of β-FeC2O4⋅2H2O takes place during the reaction. 
However, no new diffraction peak is observed in the XRD pattern of the 
used β-FeC2O4⋅2H2O, indicating the corrosion products are not depos-
ited on the surface of β-FeC2O4⋅2H2O. The HR-XPS analysis was then 
applied to investigate the surface chemical characteristics of 
β-FeC2O4⋅2H2O before and after reactions. The high-resolution spectrum 
of Fe 2p indicates co-existence of Fe(II) and Fe(III) species in the fresh- 
prepared β-FeC2O4⋅2H2O. Notably, the Fe(II)/Fe(III) molar ratio almost 
keeps unchanged regardless of the reaction cycles (Fig. 5c), indicating 
that no Fe(III) oxide/hydroxides is deposited on β-FeC2O4⋅2H2O surface, 
which is consistent with that displayed by the SEM images. Nano spray 

Fig. 4. The SEM image of β-FeC2O4⋅2H2O (a) before and (b) after the reaction; The TEM image of β-FeC2O4⋅2H2O (c) before and (d) after the reaction. (e-f) The 
HRTEM images of the β-FeC2O4⋅2H2O. (g) The selected-area electron diffraction (SAED) pattern of β-FeC2O4⋅2H2O. (h) Schematic illustration of the crystal orien-
tation of β-FeC2O4⋅2H2O. (i) The geometry of O2 adsorbed on (4 0 0) surface of β-FeC2O4⋅2H2O. (j) The geometry of O2 adsorbed on (0 2 2) surface of β-FeC2O4⋅2H2O 
in the side-on bound mode. (k) The charge density difference of the O2 adsorbed on the (0 2 2) facet of β-FeC2O4⋅2H2O in side-on bound mode. The blue and yellow 
isosurfaces represent charge accumulation and depletion in the space, respectively. The isovalue is 0.013 au. 
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LC-HRMS was subsequently employed to detect the oxygenation prod-
ucts of β-FeC2O4⋅2H2O in the aqueous solution. As shown in Fig. 5d, the 
[Fe3+-(C2O4

2-)2]- complex (m/z 231.89465) with strong peak intensity 
(NL: 3.08 ×108) is found in the negative ion mode. These results suggest 
that Fe(III) generated from oxidation of β-FeC2O4⋅2H2O would coordi-
nate with oxalate anion to form soluble and stable [Fe3+-(C2O4

2-)2]- 

complex (Kf ([Fe3+-(C2O4
2-)2]- = 1.0 × 1013), thus restraining Fe(III) 

oxide/hydroxide shell from depositing on β-FeC2O4⋅2H2O surface. This 
behavior addresses the surface passivation that usually occurs in the 
previous reported iron-based materials [47,48]. Therefore, 
β-FeC2O4⋅2H2O has remarkable durability in the degradation of MC-LR. 

3.7. The possible degradation pathway and toxicity assessment 

While O2 activation by β-FeC2O4⋅2H2O has been proven to be an 
efficient strategy to degrade MC-LR in water, verifying the degradation 
intermediates and elucidating degradation pathway are needed to 
determine the detoxification efficiency. We employed LC-MS analysis to 
detect the transformation products during MC-LR degradation and 10 
intermediates were identified (Figs. S12–S15). Based on these in-
termediates, a possible degradation pathway of MC-LR is proposed and 
demonstrated in Fig. 6. It is generally accepted that conjugated diene 
bonds are essential for the hepatotoxicity of MC-LR [49,50]. Fortu-
nately, •OH is the primary oxidative species produced in 

β-FeC2O4⋅2H2O/O2 systems, and the diene bonds are considered to be 
the most vulnerable site to accept the attack from •OH [51]. The hy-
droxyl substitution occurs at C4 and C7 in the Adda group, producing 
Product A1 (m/z = 1011.5) and A2 (m/z = 1011.5). Further oxidative 
cleavage of bond C7-C8 of A1 and bond C4-C5 of A2 generate Product A3 
(m/z = 835.4) and Product A4 (m/z = 795.4), respectively. Moreover, 
Product A3 can be degraded into Product A4 through destruction of the 
residual Adda group. Subsequently, Product A4 can be converted in 
Product A5 (m/z = 811.5) as the aldehyde group is oxidized to corre-
sponding acid. Product A5 with intact cyclic structure then undergoes 
cleavage of peptide bonds via hydrolysis, producing Products B (B1 – B4, 
m/z = 829.4). Further splitting of the peptide bonds in Products B yields 
a number of small-molecule linear peptides (C1 m/z = 277.1, C2 
m/z = 571.2, C3 m/z = 516.3, C4 m/z = 332.3, and C5 m/z = 243.1). In 
addition, the hepatotoxicities of MC-LR and its oxidation intermediates 
in the treated solutions were monitored by PP2A activity test. Associated 
results shown in Fig. S16 depict that the hepatotoxicity of solution drops 
with the decrease of MC-LR concentration, suggesting that MC-LR is 
readily degraded by •OH (k = 2.3 ×1010 M− 1•s− 1) in the 
β-FeC2O4⋅2H2O/O2 system and the final degradation products are not 
hepatotoxic [52]. This finding is in accordance with the degradation 
pathways of MC-LR in which the destruction of Adda side chain (the 
essential group for the hepatotoxicity of MC-LR) occurs initially. 

Fig. 5. (a) Reuse experiments of β-FeC2O4⋅2H2O for degradation of MC-LC in the presence of O2. (b) XRD patterns of β-FeC2O4⋅2H2O before and after reactions; (c) 
High-resolution XPS profiles of Fe 2p of β-FeC2O4⋅2H2O before and after reactions. (d) The extracted ion chromatogram and mass spectra of [(Fe3+-(C2O4)2

- ] (m/z 
231.89465) detected in the β-FeC2O4⋅2H2O/O2 system. 
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3.8. The impacts of environmental constituents and practical applicability 

In this study, the effects of the typical coexisting anions (such as Cl-, 
SO4

2-, and NO3
- ) on MC-LR degradation with β-FeC2O4⋅2H2O/O2 system 

were assessed as the coexisting anions could be adsorbed on the surface 
of β-FeC2O4⋅2H2O and consumed the surface-bound •OH. The results 
show that the coexisted inorganic ions studied have negligible effect on 
MC-LR degradation (Fig. S17). This is because the surface of 
β-FeC2O4⋅2H2O is negative charged (Fig. S18), which definitely curbs 
the adsorption of anions and subsequent consumption of surface-bound 
•OH. The impacts of initial pH values on MC-LR degradation by 
β-FeC2O4⋅2H2O/O2 were explored. As shown in Fig. S19, about 90.5%, 

92.2%, 94.4%, 96.5%, 97.3% and 83.6% of MC-LR is removed in 
β-FeC2O4⋅2H2O/O2 system in 12 h when initial pH was 4.0, 5.0, 6.0, 7.0, 
8.0 and 9.0, respectively. This result indicates that β-FeC2O4⋅2H2O has 
considerable activity for degrading MC-LR when pH ranges from 4.0 to 
9.0. To examine the feasibility of β-FeC2O4⋅2H2O/O2 in the treatment of 
MC-LR contamination in realistic waters, the degradation of MC-LR was 
conducted in actual water sampled from Ganjiang River (the source of 
drinking water of Jiangxi Province, and detailed water quality param-
eters is provided in Table S5). As shown in Fig. S20, the degradation rate 
constant (0.2179 h− 1) in the Ganjiang River is close to that (0.2689 h− 1) 
in deionized waters. In addition, this β-FeC2O4⋅2H2O governing water 
treatment will not cause secondary contamination as [Fe3+-(C2O4

2-)2]- 

Fig. 6. Possible degradation pathway of MC-LR in the β-FeC2O4⋅2 H2O/O2 system.  
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complex, the oxygenation product of β-FeC2O4⋅2H2O, is environmental 
benign and widely existed in natural waters [53]. These results indicate 
that β-FeC2O4⋅2H2O has a great potential in practical application in 
eliminating MC-LR in contaminated water or sources of water supply. 

4. Conclusions 

A novel approach concerning molecular oxygen activation for ROS 
generation was enabled by β-FeC2O4⋅2H2O, and introduced to eliminate 
MC-LR cyanotoxin in aqueous solution. Results from experimental and 
theoretical studies reveal that O2 is reduced to H2O2 on the specific (0 2 
2) facet of β-FeC2O4⋅2H2O via a two-electron transfer pathway, followed 
by the generation of successive •OH stream from the activation of H2O2 
by Fe(II). The electron utilization efficiency of β-FeC2O4⋅2H2O toward 
•OH generation can approach 87.7%, which is much higher to those of 
reported iron-based materials. In addition, Fe3+ generated from 
β-FeC2O4⋅2H2O oxygenation can coordinate with oxalate to form a sol-
uble and stable [Fe3+-(C2O4

2-)2]- complex in aqueous solution, which can 
avoid the surface passivation that is typically an issue encountered in 
iron-based materials. Transformation product analysis indicated that the 
•OH radicals attack the conjugated dienes (the essential group for the 
hepatotoxicity of MC-LR) in the Adda side chain as well as other sites in 
the Adda side chain and the cyclic structure. Moreover, the PP2A ac-
tivity test revealed that hepatotoxicity of MC-LR is eliminated after the 
parent cyanotoxin is degraded, indicating the transformation products 
do not exhibit hepatotoxicity effects. In summary, this work opens a new 
avenue to activate molecular oxygen to produce •OH and delivers deep 
insight about the operation mechanism of β-FeC2O4⋅2H2O on decom-
posing organic pollutants in aqueous solution. 
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