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• The feasibility of inactivating four 
harmful cyanobacteria was investigated. 

•
1O2 played a major role in efficiently 
removing M. aeruginosa and MC-LR. 

• Changes in the extracellular 
morphology of cyanobacteria were 
observed via SEM. 

• Eight degradation intermediates of MC- 
LR were identified. 

• A potential mechanism for cyanobac-
teria inactivation was proposed.  
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A B S T R A C T   

Knowledge about the impact of singlet oxygen (1O2) on the characteristics and inactivation of harmful cyano-
bacterial organic matter is limited. In this study, the feasibility of using an improved single-iron doped graphite- 
like phase carbon nitride catalyst (FeCN) to activate peroxymonosulfate (PMS) catalytic production of 1O2 to 
inactivate four harmful cyanobacteria was investigated. The inactivation efficiencies at 30 min were 92.77%, 
66.84%, 91.06%, and 93.45% for Microcystis aeruginosa (M. aeruginosa), Nodularia harveyana, Oscillatoria sp., and 
Nostoc sp., respectively. This was associated with adjusting experimental parameters, such as the FeCN and PMS 
doses and initial pH, to obtain the maximum 1O2 yield. The quenching experiment results and electron para-
magnetic resonance spectra showed that 1O2 generated via the non-radical pathway might play a dominant role 
in inactivating harmful cyanobacteria and degrading harmful algal toxins (Microcystin-LR and Nodularin). In 
addition, the FeCN-PMS system not only effectively destroyed the integrity of harmful cyanobacterial cells but 
also effectively degraded cyanobacterial toxins, thereby preventing severe secondary contamination by cell 
rupture. A possible removal mechanism was proposed. This reveals the potential of 1O2 to simultaneously 
inactivate harmful cyanobacteria and degrade harmful cyanobacterial toxins.  
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1. Introduction 

The occurrence of harmful algal blooms (HABs) in source water is a 
growing global problem. During algal blooms, harmful cyanobacteria 
occupy the habitat of other organisms. Consequently, biological com-
munity structure and ecological balance in aquatic environments 
become disrupted and biodiversity decreases (Guo et al., 2021; Ho et al., 
2019; Huisman et al., 2018). Algal toxins released by harmful cyano-
bacteria also affect other organisms and cause damage to human kid-
neys, lungs, and other organs via the amplification effect in food chains 
(He et al., 2021; Zhu et al., 2021). Hence, the management of harmful 
cyanobacterial blooms has received considerable research attention. 
However, conventional algae removal processes break algal cells, which 
leads to the unavoidable release of algal toxins (Huo et al., 2015; Jeon 
et al., 2015; Paerl et al., 2016). Considering this, the best way to over-
come the problem of high levels of algal toxins is via the simultaneous 
removal of algal toxins and algal cell fragmentation. Fan et al. (2020) 
prepared a novel photocatalytic coating Ag2CO3-N:GO for photo-
catalytic inactivation of M. aeruginosa and degradation of MC-LR. Chi-
tosan/Graphene (CSG) Composites used to Evaluate Removal of 
Cyanobacteria and Cyanotoxins (Zetterholm et al., 2022). 

To date, the application of heterogeneous activation of perox-
ymonosulfate (PMS) to generate singlet oxygen (1O2) remains a prom-
ising method because of its high efficiency, environmental friendliness, 
and low cost. Owing to its unoccupied π * orbitals, 1O2 exhibits greater 
resistance to environmental interference and degradation selectivity for 
materials such as antibiotics (Fang et al., 2022; He et al., 2022), un-
saturated molecules (Di Mascio et al., 2019), and microbial pathogens 
(Hamblin, 2016) than that of •OH and SO4

• − . The main pathways of 
singlet oxygen generation include (i) photosensitizers reaching the 
excited state by absorbing ultraviolet (UV) or visible light and trans-
ferring energy to the surrounding O2 producing 1O2 (Yaraki et al., 2022) 
and (ii) 1O2 being produced through the intermediates O2

• − and SO5
• − , 

which are precursors for 1O2 production. Moreover, the presence of 
Fe–N bonds reportedly drive the formation of 1O2 from SO5

• − (Li et al., 
2020b; Zhang et al., 2021). (iii) Special structures in catalytic materials, 
such as those produced as a result of the introduction of oxygen va-
cancies, doping of metal particles, and construction of domain-limited 
spaces, promote 1O2 production. For example, Liu et al. (2018) used 
Bi25FeO40 to activate PMS for degrading levofloxacin and found that 
oxygen vacancies could directly produce 1O2. The doping of metal 
particles into catalytic materials by various ways can improve the 
electronic state and coordination environment at their surfaces, result-
ing in the effective production of 1O2 (Mi et al., 2021). 

1O2 has recently been shown to be effective in treating novel pol-
lutants under dark–light anoxic conditions, owing to its strong oxidizing 
properties, its relatively longer half-life, it being relatively less influ-
enced by the substrate/water interface and water quality levels, and 
relatively low susceptibility to quenching (Miao et al., 2019). In 
particular, the activation of persulfate (PS) to produce 1O2 by homoge-
neous and heterogeneous phases facilitates the efficient removal of 
pollutants. Yan et al. (2016) found that the Fe(II) and Fe(II) to Fe(III) 
transition at the surface of Fe3O4 nanoparticles catalyze the production 
of both SO4

• − and 1O2 by PS. Zhao et al. (2021a) concluded that the 
doping of Sr effectively accelerates electron transfer between Fe and 
PMS in LaFeO3, thereby generating a large amount of O2

• − and 1O2 to 
achieve organic matter degradation. Xiao et al. (2018) revealed that 
surface electron donor groups, defective edges, oxygen-containing 
functional groups (-COOH, C–OH, -OH, and C––O), sp2 hybridized car-
bon, and delocalized π-electrons are important factors influencing the 
catalytic PS generation of 1O2 from carbon materials. Specifically, 
Single-atom catalysts have been used to activate PMS to generate 1O2 
due to their higher selectivity and efficiency (Zhao et al., 2021b). 
N-doped carbon supported single-atom catalysts have exhibited signif-
icantly enhanced 1O2 generation selectivity from the activated PMS. In 
addition, graphite-like phase carbon nitride (g-CN) possesses specific C 

and N sites and high N content, resulting in abundant and homogeneous 
single-atom immobilization sites (Chen et al., 2020; Sun et al., 2022). 
Zhang et al. (2021) concluded that the Fe1/CN catalysts having a highly 
uniform Fe-N4 structure, which was used to activate PMS to generated 
1O2 at 100% selectivity to achieve organic matter degradation. There-
fore, the application of Fe single-atom doped g-CN (FeCN) of hetero-
geneous PMS activation to generate 1O2 for studying the inactivation of 
harmful cyanobacteria shows good development prospects and 
potential. 

In this study, an improved FeCN with high dispersibility was suc-
cessfully prepared and evaluated for the heterogeneous activation of 
PMS to inactivate Microcystis aeruginosa, Nodularia harveyana, Oscil-
latoria sp., and Nostoc sp. and degrade algal toxins, including dose, 
humic acid, and pH effects. Finally, the possible mechanisms of cyano-
bacterial inactivation and algal toxin degradation by FeCN-activated 
PMS were investigated. This study proposes an efficient and 
environment-friendly method for simultaneously inactivating harmful 
cyanobacteria and degrading algal toxins, thereby providing a reference 
basis for the treatment of harmful cyanobacterial blooms. 

2. Materials and methods 

2.1. Chemicals used and algal preparation 

Melamine (C3H6N6) and cyanuric acid (C3H3N3O3) were obtained 
from Aladdin Reagent (China). Ethanedioic acid dihydrate (C2H2O40.2 
H2O) and Fe(NO3)30.9 H2O were obtained from the SCR (China). Po-
tassium monopersulfate triple salt (K5H3S4O18 [42–46% KHSO5 basis]) 
and L-histidine (C6H9N3O2) were obtained from Macklin (China). 
Acetonitrile (CH3CN, gradient grade for liquid chromatography) and 
methanol (CH4O, ≤100%, gradient grade for liquid chromatography) 
were purchased from Merck (Germany). H2SO4, NaOH, HNO3, penta-
nediol (C5H12O2), ethanol (C2H6O, EtOH), isopropanol (IPA), furfuryl 
alcohol, and tert-butanol were obtained from Sinopharm Chemical Re-
agent Co. Ltd. (China). NOD was obtained from Enzo Biochem (USA). 
Ultrapure water with a resistance of 18.2 MΩ-cm was prepared using a 
water purification device (Direct-Q 3UV, USA). 

M. aeruginosa (No. FACHB-905), N. harveyana (No. FACHB-1490), 
Oscillatoria sp. (No. FACHB-528), and Nostoc sp. (No. FACHB-131) 
were provided by the Institute of Aquatic Biology, Chinese Academy 
of Sciences (Hubei, China). The cells were cultured in a BG11 medium 
under the following conditions: light intensity of 3000 lx and light–dark 
ratio of 12 h:12 h. The algal cultures were shaken daily. 

2.2. Preparation of g-CN and FeCN 

FeCN and g-CN were prepared via a conventional thermal poly-
merization method (Guo et al., 2016; Zhang et al., 2021). First, C3H6N6 
(30 mM) and C3H3N3O3 (24 mM) were dissolved in 100 mL of ultrapure 
water at 85 ◦C and stirred for 30 min. Appropriate amounts of Fe 
(NO3)30.9 H2O and C2H2O40.2 H2O were dissolved in 50 mL of ultrapure 
water at 25 ± 1 ◦C. The above two solutions were mixed and stirred at 
room temperature for 4 h, collected by centrifugation, and dried over-
night at 60 ◦C. Thereafter, calcination was conducted under nitrogen 
atmosphere at 520 ◦C for 2 h at a heating rate of 5 ◦C⋅min− 1 to obtain 
FeCN. g-CN was prepared similarly but without adding Fe(NO3)30.9 
H2O and C2H2O40.2 H2O. 

2.3. Characterization 

X-ray diffraction (XRD) maps were obtained on a Bruker D8 
ADVANCE A25X at 40 kV and 40 mA at a scan rate of 5◦ min− 1 over a 2θ 
range of 5–60◦. Fourier-transform infrared spectroscopy (FTIR, BRUKER 
TENSOR 27, Germany) was used to analyze the structural information of 
the catalyst samples. The BET-specific surface area method was used to 
categorize nitrogen adsorption on materials. X-ray photoelectron 
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spectroscopy (XPS) analysis was performed using a spectrometer 
(Thermo Fisher Scientific, USA) with Al Kα anodic radiation as the 
source (1486.8 eV). All binding energies were referenced to the C 1 s 
peak at 284.8 eV. Free radicals were recorded on an electron para-
magnetic resonance (EPR) spectrometer (JES-FA 300, Japan) using 50.0 
mM of DMPO and TEMP as spin traps. Scanning electron microscopy 
(SEM) was performed using a Zeiss Sigma 300 microscope at 10 kV. 
Transmission electron microscopy images were obtained using a Tecnai 
F20 microscope at 200 kV. 

2.4. Experimental procedures 

An algal solution with an initial chlorophyll-a concentration of 0.60 
mg⋅L− 1 was prepared. Before the test, 0.1 M of H2SO4 and 0.1 M of 
NaOH were used to adjust the pH of the algal solution to 7.0. The 
required amounts of FeCN (20 mg) and PMS (0.33 mM) were added to 
the prepared algal solution (50 mL) and thoroughly shaken. Sampling 
was done after the resuspension of the algal solution for subsequent 
experiments and testing. All samples were further analyzed after 
centrifugation at 4 ◦C and 4000 rpm for 10 min using a high-speed 
freezing centrifuge (KDC-140HR). Three parallel trials were performed 
to obtain the mean ± standard deviation. Except for the individual ex-
periments, the experimental subjects were M. aeruginosa. 

In addition, optimal doses of FeCN and PMS were used. Orthogonal 
experimental groups were set up with FeCN concentrations of 0.1, 0.2, 
0.3, and 0.4 g⋅L− 1 and PMS concentrations of 0.16, 0.33, 0.50, and 0.65 
mM. A series of experiments were conducted at initial pH values of 5.0, 
6.0, 7.0, 8.0, 9.0, and 10.0 to evaluate the effect of pH on inactivation 
efficiency. In addition, 20.0 mM of TBA, MeOH, IPA, C2H6O, FFA, and L- 
histidine were added to quench SO4

• − , •OH, and 1O2. 

2.5. Analytical methods 

The inactivation efficiency of cyanobacteria was indicated by the 
changes in chlorophyll-a during testing. Samples were repeatedly frozen 
and thawed in an ice bath. Extractions were then performed using a 
95.0% C2H6O solution, and absorbance was measured at wavelengths of 
665 and 649 nm using a UV spectrophotometer (UV-1800, Shimadzu). 
The chlorophyll-a concentrations can be calculated as follows (Song 
et al., 2020):  

Cchl-a=13⋅95A665 – 6⋅88A649                                                                    

R (%)=(CChla0-CChlat)/CChla0 × 100%                                                        

where CChla0 and CChlat are the concentrations of chlorophyll-a 
initially and after treatment, respectively. 

The UV254 value represents the amount of naturally occurring humic 
macromolecular organic matter and aromatic compounds containing 
C––C and C––O in water (Xia et al., 2018). Therefore, it characterizes the 
extravasation of intracellular organic matter. 

Algal organic matter (AOM) was analyzed to explore the inactivation 
effect of cyanobacteria. The samples were measured using a fluores-
cence spectrophotometer (F-4600, Thermo Fisher Scientific) to obtain 
excitation–emission matrix spectra (EEM). Blank correction was per-
formed using the fluorescence spectra of ultrapure water, and the 
following parameters were set: the PMT voltage was set to 700 V; and 
excitation and emission slits, scan rate, excitation wavelength range, 
and emission wavelength range were 5 nm, 12,000 nm⋅min− 1, 200–450 
mm, and 200–550 nm, respectively (Yu et al., 2019; Zhang et al., 2022). 

The samples were acidified to pH< 2 using HNO3 passed over a 
membrane (0.45 µm). Fe(II) was then detected via the o-phenanthroline 
method, and the total iron content was determined via ICP-MS (NexION 
1000 G, PerkinElmer, USA). 

The samples were fixed overnight with 2.5% C5H12O2 and dehy-
drated using a gradient of C2H6O and water mixture and finally 100% 
C2H6O. The algal cells were observed via SEM after vacuum freeze- 

drying. 
The cultured M. aeruginosa could produce MC-LR; therefore, the 

original algal solution was used for the algal toxin degradation experi-
ments. In addition, a simulated algal solution with an initial NOD con-
centration of 50 μg⋅L− 1 was prepared. The samples were analyzed via 
UPLC-MS/MS (Xevo TQ-S, Waters, USA) (Jimenez et al., 2020), and the 
mobile phase was a mixture of water and acetonitrile at a ratio of 65:35 
(v/v). The C18 column temperature was 40 ◦C. The detection wave-
length was set at 238 nm. MC-LR degradation intermediates in the m/z 
range of 200–1000 were obtained and analyzed via MS scanning (con-
tinuum mode) from 0 to 20 min 

3. Results and discussion 

3.1. Inactivation of harmful cyanobacteria 

The removal efficiency of chlorophyll-a was used to evaluate the 
inactivation effect of an FeCN-PMS system on cyanobacteria. In addi-
tion, the absorbance of the sample at 254 nm was measured as a refer-
ence for the inactivation effect. Fig. 1a shows the inactivation effect of 
M. aeruginosa using different additives. After adding FeCN or PMS alone, 
there was little change in the algal solution, and the maximum inacti-
vation efficiencies were only 3.91% and 11.36%, respectively, in 30 
min. This indicates that FeCN and PMS are almost harmless to algal cells. 
The simultaneous addition of FeCN and PMS to the algal solution 
resulted in significant changes in the algal solution, with the inactivation 
rate reaching 71.55% at 5 min and 92.77% at 30 min. As shown in 
Fig. 1b, the inactivation efficiencies of Nodularia harveyana, Oscillatoria 
sp., and Nostoc sp. were 66.84%, 91.06%, and 93.45%, respectively, at 
30 min. The differences in inactivation effects may be due to the 
different structural and physiological adaptations of the algae (Chu 
et al., 2022; Perillo et al., 2022); however, further studies are required to 
clarify this. Overall, the test verified the possibility that FeCN-PMS could 
simultaneously inactivate multiple cyanobacteria. 

Fig. 2 shows the inactivation efficiency of M. aeruginosa at different 
FeCN and PMS ratios. As shown in Fig. 2a, the algal inactivation rate 
increased from 32.22% to 99.04% with the increase in the dose of FeCN 
(or PMS) from 0.1 g⋅L− 1 (0.16 mM) to 0.4 g⋅L− 1 (0.65 mM). In contrast, 
at doses of FeCN < 0.2 g⋅L− 1 (or PMS < 0.32 mM), the algal inactivation 
efficiency did not significantly increase, despite the continuous increase 
in the PMS (or FeCN) dose. Briefly, the inactivation efficiency did not 
depend solely on the increase in individual additives. When the FeCN 
dose is relatively low, PMS may not be effectively activated. When the 
PMS dose is relatively low, less reactive oxygen species (ROS) were 
produced, and the oxidative stress response of algae may counteract 
these effects, thereby resulting in a low inactivation efficiency (Yan 
et al., 2022). The response surface is also represented as a curved surface 
(Fig. 2b) that demonstrates that the system requires the synergistic effect 
of FeCN and PMS. Furthermore, the tilt angle of the response surface 
decreased with an increase in the FeCN (or PMS) dose. Briefly, there is 
an inactivation threshold for FeCN-PMS because some by-products of 
the algae also consumed ROS. When this inactivation threshold was 
reached, the FeCN (or PMS) dose was no longer the major factor 
affecting the deactivation efficiency. Consequently, FeCN and PMS 
doses were screened at 0.4 g⋅L− 1 and 0.33 mM, respectively. 

As shown in Fig. 3a, UV254 value increased with time after the 
addition of PMS alone, likely because PMS, being a strong oxidant, had 
harmful effects on M. aeruginosa. The change in UV254 value under the 
FeCN-PMS system also showed the same trend as that of the inactivation 
efficiency, indicating that the algal cell membranes were disrupted and 
humic substances were released. This phenomenon can be attributed to 
the high SBET of FeCN (56.09 m2⋅g− 1, Table S1), which may have more 
active sites to stimulate PMS to produce ROS (i.e., SO4

• − , •OH, O2
• − , and 

1O2) that have harmful effects on algal cells. This has been confirmed in 
previous studies, that revealed the inactivation of M. aeruginosa by N- 
doped TiO2 visible-light-driven generation of free radicals (Zhou et al., 
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2020); hydroxyl radicals and organic radicals play a major role in the 
combined inactivation of M. aeruginosa by peroxyacetic acid and UV 
light (Cao et al., 2022). In addition, humic acid reportedly react with 
radicals (SO4

• − and •OH), thereby influencing PMS activation (Hoang 
et al., 2022; Wang et al., 2019; Wang and Wang, 2022). The humic acid 
released after algal cell rupture may affect the FeCN-PMS system. As 
shown in Fig. 3b, the inactivation efficiency was reduced by adding high 
concentrations of humic acid; however, the inactivation effect was 
> 50%. On the one hand, this is a possible reason for the slow inacti-
vation rate in the middle and later stages of the reaction. On the other 
hand, the relatively high inactivation effect can be attributed to the 

greater resistance of 1O2 to humic acid interference. The feasibility of 
using FeCN-PMS in different algae-containing water matrices was 
evaluated. The results of the pH effects showed that FeCN-PMS main-
tained high inactivation rates (> 92.3%) in both medium-acidic envi-
ronments and remained high (> 75.4%) under alkaline conditions, 
although the inactivation rates were reduced (Fig. 3c). This phenome-
non can be primarily attributed to the following factors: on the one 
hand, for catalysts, acidic conditions prevent Fe(II) and Fe(III) hydrox-
ides from covering the material surface and promote the continued 
release of Fe(II) from the material, which enhances PMS activation 
(Zheng et al., 2022). On the other hand, even under alkaline conditions, 

Fig. 1. Typical time courses for the a) inactivation efficiency under different additive conditions and (b) inactivation efficiency of different cyanobacteria at 25 
± 1 ◦C. The reacted solution initially contains approximately 0.60 mg⋅L− 1 of chlorophyll-a, 0.4 g⋅L− 1 of FeCN, and 0.33 mM of PMS. 

Fig. 2. Effects of different dosage ratios on the inactivation efficiency of algae: (a) counter and (b) response surface.  

Fig. 3. (a) UV254 by an FeCN-PMS system. Effects of an FeCN-PMS system on the inactivation efficiency of algae under different (b) humic acid and (c) pH.  
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a part of the SO4
• − starts to react with hydroxide ions in water forming 

•OH, and 1O2 may continue to play a major role in the inactivation of 
cyanobacterial cells (Liu et al., 2022). 

3.2. Cell morphology and organic matter 

The changes in algal cell morphology and integrity imply the rupture 
of algal cells, which may release large amounts of AOM. Therefore, to 
investigate the effect of the FeCN-PMS system on extracellular organic 
matter (EOM), EEM was used to assess the changes in the EOMs using 
the FeCN-PMS system. As shown in Fig. S1, regions I and II represent 
aromatic proteins (peak T2, Ex/Em=250/336 nm), region III represents 
fulvic acid-like proteins (peak A, 275/425 nm), region IV represents 
soluble microbial by-product-like proteins (peak T1, 280/300 nm), and 
region V represents humic acid-like proteins (peak C, 350/430 nm) 
(Chen et al., 2003; Huang et al., 2021b; Li et al., 2020a). In contrast the 
control (Fig. S1a), the peaks T2, C, and A were significantly high in the 
FeCN-PMS system (Fig. S1b–d), indicating that the algal microbial cells 
gradually ruptured releasing intracellular materials; the decrease in the 
peak T1 may be due to the preferential degradation of soluble microbial 
by-products by ROS generated in the FeCN-PMS system. However, 
compared with the results for FeCN alone (Fig. S1e), the decrease in 
peak T1 could also be attributed to FeCN adsorption. The BET results also 
showed that FeCN exhibited good adsorption (Fig. 5c). In particular, the 
peak T2 in the FeCN-PMS system (Fig. S1b–d) was lower than that in the 
PMS system alone (Fig. S1f). This may be due to the physiological 
release of a large number of protein compounds under PMS owing to the 
protection mechanism of the algal cells themselves; however, the algal 

cells did not die completely. Moreover, they were likely oxidized by the 
ROS generated by the FeCN-PMS system because of their strong hy-
drophilicity and poor aggregation ability (Fan et al., 2022). 

The changes in the extracellular morphology of the cyanobacteria 
were observed via SEM. As shown in Fig. 4a–c, the M. aeruginosa cells 
were intact and smooth and contained some secretory material in the 
control. After FeCN-PMS treatment, irregular cellular deformation and 
even cell rupture were observed (red circles). As shown in Fig. 4d–f, for 
multicellular cyanobacteria (e.g., Nostoc sp.), after treatment with the 
FeCN-PMS system, the multicellular chain structure was disrupted, and 
the cell membrane was destroyed (red circle). 

3.3. Role of iron species and ROS in the FeCN-PMS system 

3.3.1. Role of iron species 
Iron species possess redox reactive, including aqueous iron and iron- 

loaded at the surface of the material (Huang et al., 2021a). The crystal 
structures of pure g-CN and FeCN were analyzed via XRD, with 
diffraction peaks located at 13.0◦ and 27.6◦ (Fig. 5a), indicating the 
successful doping of Fe into the g-CN. The SBET of FeCN was 
56.09 m2⋅g− 1 (Table S1), which is much larger than those prepared by 
other methods:14.7 m2⋅g− 1 (Mao et al., 2022), 13.65 m2⋅g− 1 (Zhao 
et al., 2022), and 34.75 m2⋅g− 1 (Zhang et al., 2022). Therefore, FeCN 
possesses high dispersibility and can provide more active sites to acti-
vate PMS. XPS analysis results are shown in Fig. S4. The proportion of Fe 
element was 15.2%. In Fig. S4d, 710.5 and 713.1 eV correspond to the 
two states of trivalent iron in the Fe–N bond and trivalent iron in ferric 
oxide, respectively (Liu et al., 2016; Peng et al., 2022), and the peak at 

Fig. 4. SEM images of the surface morphology of (a–c) M. aeruginosa and (d–f) Nostoc sp. before and after treatment under the FeCN-PMS system.  
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718.6 eV is the satellite peak of trivalent iron. Tan (2016) found that the 
binding energy of trivalent tetrahedral iron in γ-Fe2O3 is 713.7 eV; 
therefore, it can be inferred that Fe–N coordination bonds and ferric 
oxide are present in FeCN. The XPS results (Fig. 5d) also show a decrease 
in the peak areas of Fe loaded in FeCN after the reaction which is 
consistent with the results shown in Fig. S2. Other characterization 
analyses are in Supporting Information Text S1. The g-CN and FeCN 
samples were observed v electron microscopy. As shown in Fig. S3a–b, 
g-CN surface was smooth and free of impurities, whereas FeCN surface 
was rough with irregular particle aggregation. The granular iron species 
loaded onto the g-CN are shown in Fig. S3c. Fe elements, other than C 
and N, were also identified via elemental mapping (Fig. S3d). Consid-
ering Fe solubility (Duan et al., 2021), the concentration of dissolved Fe 
ions in the FeCN-PMS system is shown in Fig. S2. The total Fe ion con-
centration in the aqueous solution increased to the maximum concen-
tration of 0.23 mg L− 1 at 30 min. However, Fe2+ concentration was 
maintained at 0.11 mg L− 1, indicating that Fe2+ may reach dissolution 
equilibrium under the FeCN-PMS system, and Fe2+ was only continued 
when part of the Fe2+ was oxidized to Fe3+ by PMS. The oxidation 
pathways of the dissolved iron ions are presented in Eq. (1) (Zheng et al., 
2022).  

Fe2++HSO5 
- → Fe3++SO4

• − +OH − (1)  

3.3.2. Generation and identification of ROS 
Scavengers were added to convincingly demonstrate the ability of 

ROS to inactivate M. aeruginosa, in which FFA and L-histidine as 
quenchers for 1O2. Fig. 6a illustrates the effects of the different scav-
engers. When L-histidine and FFA were added, the inactivation effi-
ciency was significantly reduced. The reaction rate was also reduced 
when C2H6O and IPA were added. Therefore, 1O2 might be the dominant 
active species, followed by SO4

• − and •OH. The ROS generation pathway 
in the FeCN-PMS system is shown in Eqs. (2)–(5) (Gao et al., 2022). 

Moreover, 1O2 in the FeCN-PMS system was reportedly not generated 
from O2 

• − ; however, FeCN tended to adsorb the O site of PMS, thereby 
promoting the oxidation of PMS to SO5

• − via the loss of H atoms. This 
leads to a generation of 1O2, as shown in Eqs. (6)–(8) (Zhang et al., 
2021).  

Fe(II)-CN+HSO5 
− → Fe(III)-CN+SO4

• − +OH − (2)  

SO4
• − +H2O → •OH+H++SO4

2 − (3)  

Fe(III)-CN+ HSO5 
− → Fe(II)-CN+ SO4

2 − +1/2 O2
• − +H+ (4)  

2 O2
• − +2 H2O → H2O2+OH-+1O2                                                    (5)  

HSO5 
− → SO5

• − +H++e − (6)  

SO5
• − +SO5

• − → S2O8 
2− +1O2                                                          (7)  

SO5
• − +SO5

• − → 2SO4
2 − +1O2                                                          (8) 

EPR spectra were used to determine the presence of the ROS 
generated by the FeCN-PMS system. The spectra of SO4

• − , •OH, O2
• − , and 

1O2 were separately obtained, indicating the presence of SO4
• − , •OH, O2

•

− , and 1O2. As shown in Fig. 6b, DMPO-SO4
• − and DMPO-•OH signals 

appeared in the EPR spectra. The characteristic signal of O2
• − is shown in 

Fig. 6c. Similarly, the characteristic triplet state signal of 1:1:1 
(TEMP-1O2) also appears in Fig. 6d. The intensity of all these signals 
increased from 5 to 10 min (Fig. S6), with 1O2 showing the largest in-
crease in intensity. These results indicate that ROS are continuously 
produced by the FeCN-PMS system and can inactivate algal cells via 
strong oxidation. 

3.4. Degradation experiments of algal toxins 

3.4.1. Simultaneous removal of algal cells and algal toxins 
The rupture of algal cells is inevitably accompanied by the release of 

large amounts of algal toxins, which have a significant impact on other 

Fig. 5. (a) XRD patterns, the ATR-FTIR spectra, and (c) Adsorption/desorption isotherm of the as-prepared samples; (d) Fe 2p XPS spectra of FeCN before and 
after reaction. 
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organisms and the environment (Plaas and Paerl, 2021). Therefore, we 
evaluated the degradation of algal toxins by the FeCN-PMS system.  
Fig. 7a shows the variations in the MC-LR concentration at different 
reaction times. At 30 min, the released concentration of MC-LR excee-
ded the initial concentration, which was caused by the breaking of large 
number of algal cells releasing MC-LR. The MC-LR concentration grad-
ually decreased. Finally, the released concentration of MC-LR was 
degraded by approximately 70% after 180 min. The relationship be-
tween algal toxin release and degradation is shown in Fig. S5, it is 
considered that algal toxin degradation and cell inactivation simulta-
neously occur owing to FeCN-PMS system. Considering that it is not 
possible to include only MC-LR, the degradation of NOD by the 
FeCN-PMS system was also evaluated. Similarly, the NOD concentration 
gradually decreased, reaching a degradation efficiency of approximately 
80% at 180 min (Fig. 7b). Because of the simulated addition of NOD to 
the algal solution, there was no cell rupture or release of algal toxins 

compared with MC-LR degradation. Overall, the FeCN-PMS system not 
only inactivates algal cells but also effectively degrades algal toxins 
released from these cells. 

3.4.2. Reaction intermediates and possible degradation pathways 
Eight degradation intermediates of MC-LR (m/z = 608.6, 429.3, 

417.2, 414.7, 313.4, 279.2, 274.3, and 245.2) were identified and 
analyzed based on the LC-MS/MS results (Fig. S7 and Table S2). Fig. 8 
shows the possible degradation pathways of MC-LR in the FeCN-PMS 
system. MC-LR is a cyclic heptapeptide compound with biological ac-
tivities and is found in Adda, Glu, Mdha, Ala, Leu, MeAsp, and Arg. 
Reportedly, the double bond of the Adda side-chain hydroxylates forms a 
dihydroxy intermediate (A1–1, A1–2, and A1–3, m/z=1029.6). These 
dihydroxy intermediates continue to produce ketone derivatives (A2, m/ 
z=835.4) owing to bond cleavage (Fan et al., 2022). In a first possible 
pathway, A3–1 (m/z=417.2) (Fotiou et al., 2013) is generated and 

Fig. 6. (a) Kobs of the FeCN-PMS system with different quenchers. The reacted solution initially contained approximately 0.60 mg⋅L− 1 of chlorophyll-a, 0.2 g⋅L− 1 of 
FeCN, and 0.33 mM of PMS; the scavenger concentration: 20.0 mM; EPR spectra: (b) SO4

• − and •OH, (c) O2
• − , and (d) 1O2. 

Fig. 7. Variations in (a) MC-LR and (b) NOD concentration in the FeCN-PMS system at 25 ± 1 ◦C.  
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oxidized to A4 (m/z=279.2) owing to the cleavage of the Adaa–Arg 
bond. In addition, ketone derivatives may generate A3–2 (m/z = 274.3) 
(Fan et al., 2022) via oxidation and bond cleavage. In a second possible 
pathway, C–C cleavage and the hydroxylation of Adda generate B1 
(m/z = 414.7), and this continues through electron transfer and hy-
droxylation generating B2 (m/z = 429.3) (Moon et al., 2017). In a third 
pathway, C–N cleavage and hydroxylation of Glu generate C1 
(m/z=313.4), and this continues through electron transfer and bond 
cleavage generating C2 (m/z=245.2) (Moon et al., 2017). In a fourth 
possible pathway, the cleavage of the Adda–Glu bond generates D1 
(m/z=608.6) (Xie et al., 2021). Finally, these intermediates can be 
further oxidized and degraded and are eventually completely mineral-
ized to CO2, NO3

- , and NH4
+ (Triantis et al., 2012), establishing the 

exceptional mineralization ability of the FeCN-PMS system for the 
MC-LR. NOD contains an Adda group similar to MC-LR, and it was found 
that the degradation of NOD begins with the cleavage of the Adda–Arg 
bond (Yuan et al., 2021). Subject to the current research context, no 
reliable evidence was found for verifying this test. 

3.5. Proposed mechanism 

A potential mechanism for the inactivation of cyanobacteria and 
degradation of algal toxins by the FeCN-PMS system is shown in Fig. 9. 

Two ROS generation pathways may exist for the heterogeneous oxida-
tion technique (FeCN-PMS system): a radical pathway generating SO4

• − . 
and •OH and non-radical pathway generating 1O2 (Wang et al., 2020). 
For the radical pathway, Fe(II) and Fe(III) conversions at the FeCN 
surface activate PMS to produce SO4

• − . In addition, Fe(II) dissolves in the 
algal solution to form Fe2+, which is consistent with the observations in 
Fig. S2. In addition, Fe2+ can activate PMS to produce SO4

• − . For the 
non-radical pathway, Fe(II) on FeCN activates PMS to produce O2

• − , 
resulting in the production of 1O2; Fe–N bond also drives the production 
of 1O2 by PMS. ROS produced via these two pathways (primarily 1O2 
produced by non-radical pathways) are very harmful to algal cells, 
destroying cell integrity and viability. A large amount of released algal 
toxins is degraded to reduce their toxic effects on aquatic organisms. 
Moreover, the ROS-oxidized part of the EOMs reduces environmental 
pollution, which is consistent with the results shown in Fig. S1. There-
fore, the FeCN-PMS system can efficiently inactivate harmful cyano-
bacteria while avoiding the environmental problems caused by the 
release of intracellular substances. 

4. Conclusions 

FeCN with high dispersibility was synthesized using C3H6N6 and 
C3H3N3O3 as precursors. FeCN activated PMS to produce 1O2, which 

Fig. 8. Possible degradation pathway of MC-LR by the FeCN-PMS system.  
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effectively inactivated M. aeruginosa and was effective against other 
cyanobacteria (Nodularia harveyana, Oscillatoria sp., and Nostoc sp.). 
Meanwhile, the system effectively reduced released algal toxins (MC-LR 
and NOD). The optimum dose of FeCN was 0.4 g L− 1 and that of PMS 
was 0.33 mM. The inactivation of M. aeruginosa was 92.77%, and the 
degradation rates of MC-LR and NOD were approximately 70% and 
80%, respectively. The system was less affected by pH, and the inacti-
vation rate still exceeded 70% under alkaline conditions. Humic acid 
had some effect on the system, causing a decrease in the inactivation 
rate. Finally, the mechanism of PMS activation by FeCN was revealed by 
ROS generation. After the free radical quenching experiments, 1O2 was 
found to be the major ROS. Therefore, this heterogeneous oxidation 
technology should be efficient in simultaneously inactivating harmful 
cyanobacteria and degrading cyanobacterial toxins. 
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Efficient treatment of harmful cyanobacterial blooms in eutrophi-
cation waters by safe and reliable strategies is a big challenge for 
reducing environmental health risks. This work investigated the 

inactivation of four harmful cyanobacteria by production of 1O2. The 
inactivation efficiencies were high, and 1O2 not only effectively 
destroyed the integrity of harmful cyanobacterial cells but also effec-
tively degraded cyanobacterial toxins, Finally, a possible degradation 
pathway was proposed based on identified products. This study proposes 
an efficient and environment-friendly method for simultaneously inac-
tivating harmful cyanobacteria and degrading algal toxins, thereby 
providing a reference basis for the treatment of harmful cyanobacterial 
blooms. 
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