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A B S T R A C T   

The presence of humic substances as a component of natural organic matter (NOM) may cause inefficiency to-
wards drinking water treatment processes, especially the membrane fouling during filtration process. Therefore, 
to enhance the efficiency of the conventional membrane filtration process, several copper doped Fe-N-C bime-
tallic heterogeneous Fenton-like catalysts (Cux@FeNC) were prepared and evaluated by executing their catalytic 
degradation performance against NOM. Results indicated that humic acid (HA, 10 mg/L) could be significantly 
degraded (95%) within 30 min application of Cu5p@FeNC-Fenton under neutral pH, which was relatively higher 
than of FeNC-Fenton (70%) under identical conditions. The macromolecular organic matters in NOM could be 
destroyed more effectively while the overall mineralization degree also became relatively higher. Meanwhile, a 
lower membrane fouling of UF (PES 20 kDa)/NF (DOW 270) and highest flux recovery after backwash were 
observed with Cu5p@FeNC-Fenton treatments. Characterization and chemical analysis further explored the 
introduction of Cux in FeNC was responsible for the rapid reactive oxygen species (ROS) generation and efficient 
degradation of NOM. Additionally, a possible copper-iron synergetic mechanism in Fenton-like system was 
proposed. This work gives a deep insight into the potential NOM degradation using Fenton-like Cux@FeNC 
catalysts and ensures the membrane fouling mitigation for effective water treatment processes.   

1. Introduction 

Natural organic matters (NOM) are complex heterogeneous struc-
tures consisting of polysaccharides, proteins, lipids, and humic sub-
stances in most surface waters. Amongst these, humic substances (HS) 
are the major component in natural waters having substituted aromatic 
rings linked by aliphatic chains (Sillanpää, 2015). The presence of HS 
also causes a complex interaction with metal ions, resulting in the for-
mation of organometallic compounds with improved transportation 
capacity and toxicity (Tang et al., 2014). Similarly, previous studies 
have also been reported HS not only as the main precursor for the po-
tential formation of disinfection by-products (DBPs) in drinking water, 
but also cause of severe membrane fouling during conventional filtration 
processes (Howe and Clark, 2002; Kim and Yu, 2005; Lee et al., 2004). 
Therefore, the degradation and transformation of HS have emerged as 

an essential issue that requires adaptable and efficient treatment tech-
nology (Sillanpaa et al., 2018b). 

Currently, treatment methods for removing HS in source water 
mainly include coagulation sedimentation, membrane filtration, 
adsorption, and oxidation processes. The coagulation method by 
generating HS flocs through hydrolysis within a wide pH range is only 
accompanied by a low organic matter removal rate. Similarly, the af-
finity and binding capacity of different adsorbents to HS can ultimately 
remove organic content. However, for both methods production of 
inevitable solid waste residues is a major bottleneck in their potential 
application (Cheng and Chi, 2002; Gregor et al., 1997; Wang and Peng, 
2010). The current membrane filtration technologies are also capable of 
high NOM removal, along with a drawback of severe and irreversible 
membrane fouling, which may lead to a reduced membrane life span and 
increased operating costs (Du et al., 2019; Li and Elimelech, 2004; Yu 
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et al., 2018). Moreover, oxidation processes are the most appropriate 
treatment methods for the membrane technology and the NOM degra-
dation depending on the rapid and non-selective free radical reactions 
(Sillanpaa et al., 2018a). In this aspect, several studies have already been 
reported for NOM degradation, such as ozonation (Camel and Bermond, 
1998; Papageorgiou et al., 2017; Wu and Englehardt, 2015), UV light 
irradiation process (Gonzalez et al., 2013; Goslan et al., 2006), photo-
catalytic degradation (Colombo et al., 2019; Huang et al., 2008; Zan 
et al., 2020), heterogeneous catalytic oxidation (Nawrocki and 
Kasprzyk-Hordern, 2010; Xu et al., 2021; Yang et al., 2020a), and 
Fenton/Fenton-like system (Alejandro Galeano et al., 2012; Li et al., 
2019; Wu et al., 2010). Amongst them, the heterogeneous Fenton-like 
processes are the most effective oxidation technique with potential 
application for NOM removal. However, the inherent drawbacks such as 
pH limitation, leaching of ions, and most importantly the lower reac-
tivity than homogeneous Fenton have further restricted its application 
(Ganiyu et al., 2018; Pignatello et al., 2006). 

In principle, the performance of the heterogeneous Fenton catalyst 
mainly depends on its chemical adsorption and surface activation ability 
of H2O2 in solution. For the increased catalytic activity of Fenton-like 
reaction, the effect of bimetallic compound (introducing another metal 
species into the iron-based catalyst) has been proved to enhance the 
catalyst’s ability of H2O2 activation and free radical generation (Wen 
et al., 2015; Yamaguchi et al., 2018; Zhou et al., 2020). Moreover, the 
copper is less dependent on pH variations and behaves similar to iron in 
the H2O2-Fenton system, which poses a combination of great potential 
as a bimetallic Fenton-like catalyst with iron for the degradation of 
organic pollutants (Wang et al., 2016). In recent decades, various studies 
have been reported for the effective degradation of dyes (Dükkancı 
et al., 2010; Salazar et al., 2012), pharmaceutical and personal care 
products (PPCPs) (Pham et al., 2018; Tang and Wang, 2020), and haz-
ardous chemical products (Choi and Lee, 2012; Wang et al., 2015), using 
Fe-Cu-Fenton system. However, no significant research was found in 
terms of NOM (i.e. HS) degradation by Fe-Cu bimetallic Fenton system 
and identification of its reaction mechanism. Additionally, the ion 
leaching and activity reduction of the above-mentioned heterogeneous 
Fenton process also requires a more effective design strategy. Previous 
studies have already confirmed that Fe-N-C nano-cluster (FeNC) and its 
analogs can catalyze the H2O2-Fenton reaction in mild conditions (Yang 
et al., 2017, 2018), and the stability of the FeNC structure can be 
maintained under neutral pH conditions to prevent ion leaching (Bae 
et al., 2020; Hou et al., 2014). Therefore, introducing copper into the 
stable FeNC system may produce an effective oxidation strategy to 
overcome the aforementioned issues of the degradation and membrane 
fouling of HS. 

Membrane fouling is caused by complex interactions between the 
various fouling constituents on the membrane surface, and the species of 
these foulants can be mainly classified into particulates, organics, in-
organics, and micro-biological organisms. In drinking water treatment, 
NOM has been identified as the significant organic foulant of membrane 
applications (Guo et al., 2012). Usually, some components in the NOM 
of natural waters are the leading cause of membrane fouling. The hy-
drophobicity and electrostatic adsorption of HS towards membrane 
structure was thought to be the main reason for fouling. The poly-
saccharides and proteins have large molecular weight and are easy to 
cross-link with other substances for their long-chain or complex spatial 
structure, which were also assumed to be the major fractions of fouling 
(Sheng et al., 2010). During the UF, NF, and RO filtration process, such 
fouling can decrease the membrane permeability and increase the 
transmembrane pressure difference, which leads to an increase in the 
operating cost of the membrane filtration process. Therefore, the 
application of pretreatment method may be the better way to prevent 
fouling by changing the composition and hydrophilicity of NOM 
(Choudhury et al., 2018; Lujan-Facundo et al., 2017). 

In this study, several distinct heterogeneous Fenton-like catalysts 
(Cux@FeNC) with better free radical generating properties were 

designed and synthesized, which efficiently degrade the NOM under 
neutral conditions and mitigate the membrane fouling during UF/NF 
filtration. Specifically, humic acid (HA) was selected as model water to 
calculate the catalytic activity and speculate the reaction mechanism. At 
the same time, two different natural surface waters (SW) were used to 
verify its (Cux@FeNC) removal ability and explore the performance of 
the Cu5p@FeNC catalytic process in terms of membrane fouling miti-
gation for ultrafiltration (UF) and nanofiltration (NF). Afterward, 
UV–vis absorbance spectroscopy (UV–vis), fluorescence spectroscopy 
(FLS), high-performance liquid size exclusion chromatography (HPSEC), 
total organic carbon (TOC), and Fourier-transform infrared spectroscopy 
(FTIR) were used to characterize and investigate the degradation and 
transformation of HS. Moreover, this study mainly aims to: (1) explore 
the mitigation capacity of Cux@FeNC system for UF/NF membrane 
fouling, (2) evaluate the degradation performance of the Cu based FeNC 
catalysts, and (3) propose a possible catalytic mechanism of Fe-Cu 
bimetallic heterogeneous catalyst by using X-ray photoelectron spec-
troscopy (XPS) and electron spin resonance (ESR). 

2. Materials and methods 

2.1. Chemicals and reagents 

Copper (II) sulfate pentahydrate (CuSO4•5H2O), potassium hex-
acyanoferrate (II) trihydrate (K4Fe(CN)6•3H2O), hydrogen peroxide 
(H2O2, minimum 30 wt%), sulfuric acid (H2SO4, 95.0–98.0 wt%), so-
dium hydroxide (NaOH), hydrochloric acid (HCl, 36.0–38.9 wt%), and 
bovine serum albumin (BSA) were provided by Sinopharm Chemical 
Reagent Co., Ltd. (China). Polyvinyl pyrrolidone (PVP, K30, MW 
40000), sodium alginate (SA), and humic acid sodium salt (HA) were 
purchased from Sigma-Aldrich (the United States). 3,3′,5,5′-tetrame-
thylbenzidine (TMB), 2,2,6,6-tetramethylpiperidine-1-oxyl (TMPO), 
and coumarin were purchased from Shanghai Macklin Biochemical Co., 
Ltd (China). 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was obtained 
from Tokyo Chemical Industry (Japan). All chemicals and reagents were 
of the analytical grade. The deionized (DI) water in all experiments and 
analysis was produced from Millipore (18.25 MΩ, TOC<5 ppb). 

2.2. Synthesis of Cux@FeNC 

The precursors of the Cux@FeNC system were prepared through a 
previously reported method of Zhang’s team with certain modifications 
(Zhang, L. et al., 2012). The total molecular amount of K4Fe(CN)6•3H2O 
and CuSO4•5H2O was fixed to be 16.2 mM, and the molar ratio of Fe/Cu 
in final catalysts can be adjusted by varying the ratio of the two metallic 
precursors. In detail, 8 g PVP was dissolved in 500 mL deionized water 
(DI) with magnetic stirring, and then 8.3 mL HCl (36.0–38.9 wt%) and a 
required amount of K4Fe(CN)6•3H2O was added. Subsequently, a 
required amount of CuSO4•5H2O was dissolved in 500 mL of the water 
solution and gradually poured into the K4Fe(CN)6 solution with rapid 
stirring at 80 ◦C, and the suspension solution was allowed to react for 8 h 
at a constant temperature. After cooling and centrifugation, the products 
were collected and washed with DI water 5 times and then dried in a 
vacuum oven at 60 ◦C to obtain the Cux@PB precursors finally. After-
ward, Cux@PB precursors were heated in a tube furnace at 650 ◦C for 6 h 
in the presence of N2 with a heating rate of 2 

◦

C/min. Then allow them to 
cool down at room temperature and disperse the black product in 0.5 M 
H2SO4 solution for 24 h to remove preservatives. Finally, the product 
was washed with DI water and dried again in a vacuum oven at 60 ◦C. 
The obtained product was named Cux@FeNC, and x represented the 
percentage of Cu element in the overall molar mass (x = 1p, 2p, 5p, 10p, 
20p, which means the molar mass ratios of doping Cu in the Cu-Fe 
bimetallic catalysts were set as 1%, 2%, 5%, 10%, and 20%). Howev-
er, the controlled catalyst or the product without Cu element was termed 
as FeNC, where x = 0p (without Cu doping). 
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2.3. Characterization of Cux@FeNC 

The surface morphology of prepared Cux@FeNC catalysts was 
characterized by a field emission scanning electron microscope (FESEM, 
GEMINISEM 500, ZEISS, Germany) operated at 15 kV/10 μA. The 
crystalline structure of the prepared catalysts was observed by the 
powder X-ray diffraction (XRD, D8 Advance, Bruker, Germany), and the 
patterns were recorded in the 2θ range of 5–90◦ with Cu-Kα radiation 
operated at 40 kV/40 mA. The elemental composition of the Cux@FeNC 
surface was analyzed by X-ray photoelectron spectra (XPS, Escalab 
250Xi, Thermo, USA) operated with Al-Kα radiation. The magnetic proof 
of the catalyst was provided in Fig. S1. 

2.4. Preparation of humic substance models 

HA solution was prepared as previously reported by our previous 
paper (Yu et al., 2010). Briefly, for HA stock, 1 g humic acid sodium salt 
and 0.1 g NaOH was added into 100 mL DI with magnetic stirring until 
completely dissolved, and then the solution was stored at 4 ◦C in the 
dark. The HA model sample (10 mg/L) was prepared by diluting the 
re-stirred HA stock solution, while 0.1 M HCl was used to adjust its pH to 
7.0. Afterward, the solution was filtered through a 0.45 μm membrane 
before further analysis to remove a small quantity of insoluble 
substances. 

Two different natural surface water (SW) samples were collected 
from the lake in Olympic Park (OL) and JingMi River (JM) and filtered 
through a 0.45 μm membrane. The basic water quality parameters of SW 
samples are listed in Table 1. 

2.5. Catalytic degradation experiment 

Typically, the degradation experiment was carried out in a 100 mL 
sealed reactor placed in the water bath at 25 ◦C. 1 mg Cux@FeNC was 
dispersed in 100 mL HA solution at neutral pH by applying ultrasonic 
waves and then stirred for 10 min. After that, H2O2 (minimum 30 wt%) 
was added with a final concentration of 5 mM, and then samples were 
taken after the reaction time of 30 min. Immediately centrifugation was 
applied at 10000 rpm for 10 min to the extracted samples to remove 
catalyst particles before any further analysis. Similar experimental 
protocols were applied to both surface waters as mentioned above to 
verify the catalytic degradation ability of subjected Fenton-like system 
against humic-like substrates in natural surface water. 

Furthermore, the stability and recyclability of Cux@FeNC were 
determined by applying re-collection through magnetic separation, 
washed with DI water and dried in a vacuum oven at 60 ◦C for 8 h. The 
recycled catalyst was re-dispersed in fresh HA solution, and degradation 
reactions were initiated again as mentioned with several repetitions. In 
addition, water samples obtained after degradation reactions were 
subjected to microwave digestion, and metal cations were determined 
through an inductively coupled plasma optical emission spectrometer 
(ICP-OES, 8300, PerkinElmer, USA) to evaluate the amount of ion 
leaching activity. 

2.6. Analytical methods and measurements 

The employed different characterization methods further evaluated 

the degraded HA and surface water samples. The UV–visible light ab-
sorption spectra of organic matters were obtained by a UV–vis analyzer 
(UV-2600, Shimazu, Japan), and the excitation and emission matrix 
(EEM) fluorescence spectrum (FLS) of HS was recorded by an EEM 
fluorescence spectroscopy (F-4600, Hitachi, Japan). The high- 
performance liquid size exclusion chromatography (HPSEC) was used 
to analyze the changes in apparent molecular weight distribution before 
and after the degradation reaction using an HPLC system (Waters, 1525 
Binary Pump, Model 1500 Column Heater, 2998 Photodiode Array De-
tector, 2707 Autosampler) with SEC column (Phenomenex, BioSep 5 μm, 
SEC-s3000, 290 Å) and SecurityGuard™ Cartridges (Phenomenex, KJ0- 
4282). The mobile phase was 10 mM sodium acetate with a flow rate of 
1 mL/min, and the column temperature and detection wavelength were 
set at 25 ◦C and 254 nm, respectively. Fourier transform-infrared (FTIR, 
Spectrum Two, PerkinElmer, USA) spectra with a wavenumber range of 
500–4000 cm− 1 was applied for the composition analysis of freeze-dried 
HA and SW samples. The degree of NOM mineralization was determined 
by the total organic carbon (TOC) analyzer (TOC-VCPH, Shimazu, 
Japan). 

Furthermore, 3,3′,5,5′-tetramethylbenzidine (TMB) was used as the 
chromogenic reagent to sense the catalytic decomposition rate of H2O2, 
and the absorption value at 652 nm was recorded continuously by 
UV–vis to indicate the reaction rates of different Cux@FeNC-H2O2- 
Fenton systems. Specifically, a final concentration of 500 μM TMB was 
added to initiate the chromogenic reaction with the same concentrations 
of catalyst and H2O2, the mixed solution was immediately poured into a 
cuvette and measured by UV–vis. 

To identify the type of generated reactive radicals by the Cu5p@-
FeNC-Fenton process, an electron spin resonance spectrometer (ESR, 
A300, Bruker, German) was utilized with DMPO and TMPO as a radical 
capture agent to detect the super oxygen radical, hydroxyl radical, and 
singlet oxygen (Khachatryan and Dellinger, 2011). Typically, Cu5p@-
FeNC-H2O2 samples were collected and mixed instantly with 200 mM 
DMPO (dissolved in aqueous solution for hydroxyl radical while in 
methanol solution for superoxide radical) or TMPO (dissolved in 
aqueous solution). Besides, the generation rate of •OH radical was 
detected by coumarin as a probe molecule. Coumarin could quantita-
tively generate 7-hydroxycoumarin with •OH while the latter has a 
maximum value of characteristic peak at the emission wavelength of 
452 nm under an excitation wavelength of 326 nm (Maier et al., 2019). 
Briefly, 10 mg Cu5p@FeNC and 5 mM H2O2 were added to 100 mL 0.05 
mM coumarin with magnetic stirring, and then samples were taken at 
different intervals within 1 h and filtered before applying fluorescence 
spectrometer. 

2.7. Membrane fouling characterization 

The membrane filtration experiments on HA (10 mg/L), BSA (10 mg/ 
L), SA (10 mg/L), and two kinds of surface waters were performed by 
dead-end flat sheet method using a stirred cell (Amicon 8400, Millipore, 
USA) with constant pressures under nitrogen gas (0.1 MPa for the UF 
membrane, 0.4 MPa for the NF membrane, and 0.1 MPa for both 
backwash processes). The UF and NF membrane materials used in this 
paper were polyethersulfone (PES) membrane (cut-off molecular weight 
of 20 kDa, Beijing Separate Equipment Co., Ltd, China) and polyamide 
(PA) membrane (NF-270, Dow Chemical Company, USA), respectively. 
Each membrane was immersed in DI for 1 day before the filtration 
experiment to remove impurities, and then 100 mL DI filtration was 
performed to stabilize the initial flux of the membrane and further clean 
the inner membrane pores. In a typical UF/NF membrane filtration 
cycle, filtration pressure was set to 1 bar/4 bar with fixed 200 mL/100 
mL of water samples. After a filtration cycle, the membrane orientation 
was changed upside down and backwashed with 40 mL/20 mL DI water 
under 1 bar pressure for both (the backwash time of UF and NF with HA, 
SA, and SW were mostly around 30 min while with BSA was up to about 
1 h). The membrane fouling was evaluated by recording the variations in 

Table 1 
Basic water quality parameters of SW samples.  

SW 
samples 

UV254 (a. 
u.) 

EEMmax (a. 
u.) 

pH Conductivity (μS/ 
cm− 1) 

TOC 
(mg/L) 

OL 0.080 164.36 8.76 913.34 12.61 
±0.011 ±2.46 ±0.27 ±20.15 ±0.43 

JM 0.055 72.47 7.84 629.15 5.92 
±0.008 ±1.87 ±0.19 ±18.32 ±0.27  
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Fig. 1. XRD patterns of FeNC and several different Cux@FeNC (a). FESEM images of the as-prepared precursor Cu5p@PB (b) and final catalyst Cu5p@FeNC mi-
croparticles (c). XPS wide survey spectrum of FeNC and Cu5p@FeNC (d). The deconvoluted C 1s (e) and N 1s (f) XPS narrow spectra of FeNC and Cu5p@FeNC, 
respectively. 

Fig. 2. EEM spectra of HA model samples: without treatment (a); with 5 mM H2O2 only; with both H2O2 and catalyst of FeNC (c); with both H2O2 and catalyst of 
Cu5p@FeNC (d). (HApH = 7, 10 ppm; H2O2, 5 mM; Cu5p@FeNC, 10 ppm). 
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normalized flux, and the hydrophilicity-hydrophobicity of the mem-
branes was evaluated by the optical contact angles (OCA 15, Data-
physics, Germany). 

3. Results and discussion 

3.1. Catalyst characterization 

Three different diffraction peaks centered at 2θ = 43.2◦, 50.4◦, and 
74.1◦ were observed in XRD patterns of Cux@FeNC and its precursor 
Cux@PB nanoparticles for all samples, corresponding to the (1 1 1), (2 
0 0) and (2 2 0) reflections of Cu (JCPDS card No.99-0034), respectively 
(Figs. 1a and S2). Additionally, the increase in Cu doping amount 
increased the characteristic peak intensity of Cu and accompanied the 
decrease in peak intensity of the iron produced by in-situ reduction at 
44.6◦ (JCPDS card No.87-0721). Another sharp peak centered at 26.1◦

corresponding to the (0 0 2) reflections of graphitic carbon indicated the 
existence of Fe-N-C lamellar structure (Jiang et al., 2016). This peak of 
the graphite carbon disappeared entirely at a molar ratio of 1% of the 
doped copper, indicating the inhibition of Fe-N-C structural formation 
upon trace copper addition. However, with the increase of Cu doping 
amount, the peak of graphite carbon reappeared and increased gradu-
ally, which proved that the appropriate addition of Cu amount could 
promote the Fe-N-C structure. Moreover, the diffraction peak intensities 
with the iron characteristic in FeNC catalyst (without Cu) were found to 
be lower than of Cux@FeNC, probably because of some unexposed Fe 
sites in Fe-N-C structure. The peaks of Fe3C at 64.9◦ and 82.3◦ (JCPDS 
card No.35-0772) only appeared with the doping of Cux in FeNC, and 
exposure of these active iron sites was mainly attributed to the Cu 
involvement. 

Typical FESEM image (20 K enlarged) of the Cu5p@PB (Fig. 1b) 
showed the aggregation of the cubic structures having a side length of 
about 500 nm, along with the explicit interface between the cubes. 
However, the overall surface was rough and uneven, which proved that 
the Cu5p@PB maintained a proper structure of the Prussian blue (PB)- 

type material cube and an irregular surface with Cu doped. Also, the 
Cu5p@PB showed a smooth and flat similar lamellar structure, even with 
the presence of irregular concave and convex on its surface. In com-
parison, Cu5p@FeNC catalyst showed in Fig. 1c still retained its cubic 
structure as precursor even after calcined, and the size of the whole 
cluster also remained the same, while no clear boundaries were 
observed between each cluster. Moreover, Cu5p@FeNC no longer had a 
smooth structure after calcination, while the whole cluster was 
composed of spherical nanoparticles of different sizes. These results 
were consistent with previous studies due to the spontaneous aggrega-
tion of Fe atoms in the Fe-containing precursors during heat treatment 
(Hou et al., 2014). The formation of such porous clusters was generally 
caused by the carbonization reaction with the nitrogen-containing gas 
released by the organic precursor of PB under oxygen-free conditions 
and the graphitization reaction catalyzed by Fe (Sun et al., 2017). 

Likewise, the XPS spectrums of FeNC and Cu5p@FeNC represented 
elemental compositions of the different catalysts were shown in Fig. 1d. 
Successfully Cu loading on FeNC was observed due to the presence of Cu 
2p signal with binding energy (BE) of 930–970 eV and the Cu auger peak 
at 965 eV (Cheng et al., 2019). Additionally, the intensity of Fe 2p peak 
(705–735 eV) increased upon Cu doping, which was in accordance with 
the XRD results, indicating a lack of coordinated Fe on the FeNC surface 
(Artyushkova et al., 2017). However, the XPS narrow scans of C 1s and N 
1s (Fig. 1e and f) showed the presence of that both C-N bond (C 1s 285.6 
eV, N 1s 398.5 eV) and N-Fe bond (N 1s 399.7 eV) that further proved 
the existence of Fe-N-C structure (Sun et al., 2018). Besides, the narrow 
scan of O 1s (Fig. S3) illustrated a negligible change in the O-H bond of 
H2O for different chemical states (O 1s 532.1 eV, 533.5 eV, 535.6 eV). 
However, the proportion of hydroxyl component increased obviously (O 
1s 531.4 eV), resulting in the availability of active sites for oxidation and 
hydroxyl radical generation (Xing et al., 2011). 

3.2. Catalytic verification by HA model 

EEM fluorescence spectroscopy was a valid method for quantifying 
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UV–vis, respectively. 
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the presence of humic-like substances in aqueous samples (Leenheer and 
Croue, 2003). As shown in Fig. 2a, the characteristic peak of HA solution 
corresponded to excitation (EX) and emission (EM) wavelength of 260 
nm/445 nm. The peak intensity decreased with a slight blue-shift after 
degradation, which was ascribed to the partial oxidation of HA (Chen 
et al., 2014). Additionally, the new peak appeared at EX/EM = 220 
nm/285 nm corresponding to phenol-like substances generated due to 
HA degradation, further proving the oxidative degradation by a 
Fenton-like reaction (Wu et al., 2014). On the other hand, 5 mM H2O2 
treatment alone can hardly degrade HA in 30 min (Fig. 2b), and about 
70% of the HA removal was obtained by adding FeNC-H2O2 (Fig. 2c). 
Furthermore, the fluorescence signals of the HS in HA almost completely 
disappeared within 30 min application of Cu5p@FeNC-H2O2 system 
(Fig. 2d), showing a relatively higher Fenton-like activity compared to 
FeNC without Cu active sites. Different doped Cu percentages also 
impacted the Fenton-like activity of Cux@FeNC (Fig. S4) with the same 
5 mM H2O2 application at neutral pH, and Cu5p@FeNC exhibited the 
higher catalytic activity among all others. These findings suggested that 
there might be a synergetic effect in between Cux@FeNC catalysts (to be 
discussed in section 3.6). 

Simultaneously, a substantial increase in absorption values of the 
wavelength below 300 nm was also observed with the addition of H2O2 
(Fig. 3a). However, the addition of different Cux@FeNC catalysts 
significantly reduced the strong UV–vis absorption caused by the HA- 
H2O2 system, attributed to the consumption of H2O2 by Fenton-like 
process and HA degradation (Jr., 2000). Variations in molecular 
weight distribution of HA were determined by analyzing HPSEC spectra 
shown in Fig. 3b. Increased molecular weight was observed for HA so-
lution with 5 mM H2O2 addition, indicating the reduced fluorophores of 
HA only with H2O2 while a partial agglomeration was also occurred, 
resulting in an increase in the apparent molecular weight of HA. Cor-
responding to the EEM spectrums, the molecular weight dropped rapidly 
with the fluorescence of HS mostly disappeared after the catalysts were 
added. In comparison, the addition of FeNC catalyst with and without 

Cu doping led to different degrees of HA degradation, illustrating a 
highly decreased proportion of macromolecules in HS, along with the 
incomplete removal of small molecules around 1 kDa. These results 
indicated the breakage of large molecules and gradual mineralization of 
small molecules upon Fenton-like oxidation using the Cu5p@FeNC 
system. 

The FTIR spectra were utilized to characterize the changes in func-
tional groups before and after HA degradation, and no significant 
change was observed for the HA-H2O2 system shown in Fig. 3c. How-
ever, with the application of Cu5p@FeNC-H2O2 catalyst, decrease in 
peak intensities of carboxyl groups (-COOH, at 1710 cm− 1, and 1636 
cm− 1) and the alkene bending (=CH2, sharp peak at 909 cm− 1) was 
noticed that mainly ascribed to the partially broken down of C=C double 
bond. The relative intensity of -C-O stretch vibration peak (-C-O, at 
1030 cm− 1) also decreased for Cu5p@FeNC-H2O2 treated samples. In 
contrast, the -C-O bond’s peak intensities on hydroxymethyl (-C-OH, at 
1058 cm− 1) and hydroxyl groups (-OH, wide peak at 3350 cm− 1) 
significantly increased when exposed to the Cu5p@FeNC-H2O2 system. 
These results may effectively mitigate the membrane fouling (to be 
discussed in section 3.8) because of the increased hydrophilic groups 
and complete transformation of HA structure after Cux@FeNC-Fenton 
oxidative degradation. 

Furthermore, the mineralization degree of HA (Fig. 3d) was evalu-
ated in terms of TOC and was found to be negligible with H2O2 alone. 
Moreover, the addition of FeNC and Cu5p@FeNC decreased the TOC 
values up to 12% and 30%, respectively. Compared with the afore-
mentioned UV–vis, EEM, and HPSEC results, TOC reduction was lower 
which illustrates the incomplete mineralization. However, the propor-
tion of hydrophilic substrates in the residual TOC after treatment was 
higher, as already reported in FTIR results (Yang et al., 2020b), which 
can also be verified by the results of the contact angle (CA) in later ex-
periments (section 3.8). The SUVA254 also showed a significant reduc-
tion of aromaticity by Cu5p@FeNC-H2O2 treatment (Fig. 3e), and the 
calculated value of less than 3 L/(mg•m) also indicated the increased 

Fig. 4. The reaction time dependence of the emission intensity in the system of coumarin-H2O2 (a) and coumarin-Cu5p@FeNC-H2O2 (b). The different formation rates 
of •OH determined by the coumarin-FL probe method (c). DMPO spin-trapping ESR spectrum of radical adducts (“*” for hydroxyl radical, “•” for carbon-centered 
radical) (d). 
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hydrophilic content in treated HA (Weishaar et al., 2003). Like HPSEC 
and EEM results, the increase in E2/E3 values represented the reduced 
molecular weight of the NOM (Fig. 3f), while E3/E4 also showed the 
reduced degree of humification, indicating that the HA used to simulate 
NOM has been effectively oxidized by Cu5p@FeNC-H2O2 treatment 
(Wang et al., 2019). 

3.3. Reusability and stability of Cu5p@FeNC 

To further evaluate the stability of Cu5p@FeNC catalysts, the reacted 
catalysts were collected by magnetic separation, and the whole experi-
ment was replicated 5 times with recycled catalysts after washing and 
drying. After each cycle, the fluorescence intensity and the UV254 value 
of catalyzed HA solution were reduced upto 90% and 70%, respectively 
(Fig. S5). These results showed the steady and stable degradation per-
formance of Cu5p@FeNC under neutral pH conditions for several cycles. 
Furthermore, the evaluation of catalyst loss and ion leaching activity 
was determined by ICP-OES. After each cycle, the treated HA solution 
was utilized to calculate the absolute concentration of leached Fe and Cu 
elements. As shown in Fig. S5b, compared with the HARaw solution 
containing 0.2 mg/L of Fe element, the concentration of Fe in all treated 
HA samples decreased upto 0.05 mg/L. This reduction was mainly 
attributed to the synergistic effect between Cu-Fe in Cu5p@FeNC cata-
lyst, resulting in the transformation and binding of Fe species (to be 
discussed in section 3.6). Besides, a slightly increased leaching of Cu was 
observed in treated HA solution (i.e. from 0.17 to 0.19 mg/L), but the 
final leaching content was still within the range of National Secondary 
Drinking Water Regulations (NSDWRs), USA. Thus, Cu5p@FeNC catalyst 
would be a preferred oxidation strategy for efficient HS degradation in a 
neutral water environment with enhanced stability. 

3.4. Generation of reactive radicals 

Heterogeneous Fenton-like reactions on iron oxides generate various 
reactive oxygen species (ROS), which are supposed to be the most active 
and responsible species for degrading organic matters (Zhang et al., 
2016; Zhu et al., 2019). However, in the current system of Cu5p@FeN-
C-H2O2-HA, •OH radicals were considered the responsible ROS for the 
degradation of HA/SW by coumarin FL probe and ESR spectrum (Fig. 4). 
As shown in Fig. 4a, a negligible increase in fluorescence intensity of 
7-hydroxycoumarin was observed at EM of 452 nm under the neutral 
coumarin-H2O2 system (Ishibashi et al., 2000). In contrast, the FLS in-
tensity increased about ten folds after adding Cu5p@FeNC (Fig. 4b), 
indicating the existence and rapid formation of •OH radicals. Addi-
tionally, the FLS-probe results of the different Cux@FeNC catalysts were 
also in good agreement with HA degradation ability (Fig. 4c). The 
addition of Cux@FeNC catalyst with a small amount of Cu doping 
accelerated the generation of •OH, but a decreased generation rate was 
observed with a higher quantity of Cu doping (i.e. x > 5p), which was 
ascribed to the hydroxyl scavenging by excessive Cu as shown by 
Equation (1) (Zhang et al., 2014). 

Cu+ + • OH → Cu2+ + OH− k = 1.0 × 1010 M− 1s− 1 (Eq 1) 

The generation and identification of different reactive radicals were 
further evaluated by the ESR spectrum as shown in Fig. 4d. In the 
presence of DMPO-H2O and H2O2, no significant signals were observed 
in the ESR spectrum. As expected, with adding catalysts to DMPO-H2O2 
system, both FeNC and Cu5p@FeNC respond to 4-fold characteristic peak 
with an intensity ratio of 1:2:2:1 corresponding to typical DMPO-•OH, 
but the signal intensity of the Cu5p@FeNC-DMPO-H2O2 system was two 
times higher than that of the FeNC-DMPO-H2O2 system. Moreover, a 
strong 6-fold characteristic peak signal of typical carbon-centered 
radical (•R) was also observed corresponding to another by-product of 
DMPO when reacted with generated •OH (Ye et al., 2020). These find-
ings are also in good agreement with previous studies that in-situ 

generation of •R can promote the destruction and degradation of organic 
matters (Dong et al., 2014). Additionally, other possible reactive oxygen 
species in the system were also determined by different spin-trapping 
processes (Fig. S6). It can be observed that no obvious characteristic 
peaks could be found in both DMPO-CH3OH and TMPO-H2O systems, 
indicating that there was no superoxide radical or singlet oxygen 
involved in the experimental process, which further proved •OH as the 
major reactive species dominated the oxidation reactions. 

3.5. TMB kinetic determination and comparison 

Previously, 3,3′,5,5′-tetramethylbenzidine (TMB) has been utilized 
not only for the characterization of enzymatic activity of the peroxidase 
(Rye et al., 1984), but also to evaluate the affinity and decomposition 
abilities of catalysts to H2O2 by its chromogenic reaction of colorless 
TMB oxidized to blue 3,3′,5,5′-tetramethylbenzidine diimide (oxTMB) 
(Liu et al., 2017). By measuring the absorbance value of the oxTMB at 
652 nm with a spectrophotometer, the concentration of decomposed 
H2O2 could be quantitatively detected. In this work, TMB was used as a 
probe to characterize the response intensity and reaction speed of the 
interaction between different catalysts and H2O2. Therefore, to investi-
gate the oxidizing ability of different Cux@FeNC systems against TMBpH 

= 3.5, several catalytic experiments with Cux@FeNC-H2O2-TMB were 
performed (Fig. S7a). The increased amount of Cu doping further 
enhanced the oxidation rate of TMB, resulting in the highly 
oxidized-TMB (oxTMB) at x = 5p. Consequently, the oxTMB production 
rate started to decrease with the further increase of catalysts doping 
amount, representing the Cu5p@FeNC was the most efficient catalytic 
oxidant for TMB. To further investigate the kinetic mechanism of the 
Cu5p@FeNC-H2O2 system, different TMB chromogenic reactions were 
determined under different pH and H2O2 conditions. As shown in 
Fig. S7b, the increased concentration of H2O2 made the TMB reaction 
rate much faster, with the declined amplitude of the growth rate, which 
might be due to the quenching effect of excessive H2O2 (Equation (2)) 
(Xu and Wang, 2012). 

H2O2 + • OH → HO•
2 + H2O k = 2.1 × 109 M− 1s− 1 (Eq 2) 

In contrast, inhibited TMB reaction rates were observed at neutral pH 
conditions with different H2O2 concentrations accompanied by an 
increased trend (Fig. S7c). However, about 40–50% of total oxTMB 
production was still achieved by applying Cu5p@FeNC under neutral pH. 
Generally, the apparent steady-state kinetic parameters were deter-
mined by the chromogenic reactions of different TMB concentrations, 
and the Michaelis constants were calculated by Michaelis-Menten 
(Equation (3)) and Lineweaver-Burk equation (Equation (4)) to obtain 
the affinity of Cu5p@FeNC with TMB at different pH values (Fig. S7d). 

v=
Vmax[S]

Km + [S]
(Eq 3)  

1
v
=

Km

Vmax
•

1
[S]

+
1

Vmax
(Eq 4)  

v, initial reaction velocity (ΔμM•min− 1); Vmax, maximum reaction ve-
locity (ΔμM•min− 1); [S], substrate concentration (mol/L); Km, 
Michaelis-Menten constant (mol/L). 

Generally, the lower Km value of catalysts to the same substrate 
makes a stronger affinity towards the catalytic reactions. The Km values 
of Cu5p@FeNC against TMB in acidic and neutral conditions were 
0.3206 mM and 0.4236 mM, respectively. These findings further indi-
cated that the Cu5p@FeNC still retained most of the substrate available 
for the catalytic activity at neutral pH, which was beneficial for water- 
treatment applications compared to Fenton-like reactions that 
required an acidic environment (Zhu et al., 2019). 
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3.6. Oxidation mechanism of Cu5p@FeNC-H2O2 system 

The XPS narrow scan spectra of Fe 2p for FeNC and Cu5p@FeNC as 
the contrast showed that the signals at 709.9 eV and 723.4 eV were 
attributed to the FeII 2p 3/2 and FeIII 2p 3/2 spin-orbital components in 
both catalysts, respectively (Fig. 5a). Additionally, the deconvoluted 
peaks at 714.5 eV and 725.6 eV corresponding to FeII 2p 1/2 and FeIII 2p 
1/2 showed a half peak intensity compared to the intensity of 3/2 spin- 
orbit in the same valence state. The XPS signals of the Fe 2p with 

different valence orbits and the appearance of characteristic satellite 
peak at 718.3 eV were also confirmed to the co-existence of FeII and FeIII 

(Fontecha-Camara et al., 2016). Furthermore, no significant change in 
the proportion of Fe was observed upon Cu doping in each state, but the 
overall signal intensity of Fe 2p in Cu5p@FeNC was found higher than 
that of FeNC. These findings were mainly attributed to the presence of 
more Fe reactive sites on the surface of the Cu5p@FeNC catalyst. The 
previous ICP results showed a slow increase in Cu ions, indicating that 
Cu has also participated in these Fenton-like reactions. In contrast, a 

Fig. 5. The deconvoluted Fe 2p XPS narrow scan spectra of FeNC and Cu5p@FeNC (a). The deconvoluted Cu 2p XPS narrow scan spectra of Cu5p@FeNC (b).  

Fig. 6. EEM spectra of OL samples without treatment (a); OL with Cu5p@FeNC-H2O2 processing (b); JM without treatment (c); JM with Cu5p@FeNC-H2O2 pro-
cessing (d). 
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narrow scan Cu 2p spectra of Cu5p@FeNC showed the typical Cu signal 
peaks located at 932.1 eV, 934.6 eV, 951.8 eV, and 954.0 eV, which can 
be assigned to CuI 2p 3/2, CuII 2p 3/2, CuI 2p 1/2, and CuII 2p 1/2, 
respectively (Fig. 5b). Meanwhile, two distinct satellite peaks (942.6 eV, 
962.7 eV) on the higher BE side of the main peak were generated, 
indicating the existence of the CuI/CuII reactive sites (Zhang, L.L. et al., 
2012). 

It was well known that the catalytic feasibility of heterogeneous 
Fenton-like catalysts was governed by the thermodynamic favorability 
of reducing Mn+1 to Mn by H2O2 (Hartmann et al., 2010). Similarly, the 
redox ion pairs of FeII/FeIII and CuI/CuII were considered the main 
reason for the enhanced Fenton reactivity (Tang and Wang, 2020; Tian 
et al., 2020). Additionally, the effective degradation of the NOM was 
also attributed to the synthesized Fe-N-C active structure and its strongly 
hydroxylated surface. Based on the information mentioned above, a 
possible Fenton-like reaction mechanism of the Cu5p@FeNC-H2O2 sys-
tem was proposed. 

According to the Harber-Weiss reaction, CuI can produce •OH by 
reacting with H2O2 same as the Fenton reaction by FeII shown in 
Equation (5) and (6). For both FeII and CuI in parallel H2O2 conditions, 
they would simultaneously initiate the Fenton-like reaction to generate 
•OH through the intramolecular electron transfer properties (Li et al., 
2021). Then the FeIII and CuII produced during this reaction further react 
with H2O2 and reduce themselves to FeII and CuI by completing the 
catalytic cycle (Equation (7) and (8)) (Dai et al., 2018). However, these 
two redox pairs (FeII/FeIII and CuI/CuII) were of the same system while 
the regeneration of FeII and CuI could also occur even without H2O2. 
Amongst them, FeII cannot directly reduce CuII to CuI (ΔE0 = − 0.6 V), 
unless the other pairs of electrons can be captured by FeII (Equation (9)) 
for the reduction of CuII (Equation (10)). In contrast, the existence of CuI 

can spontaneously reduce FeIII to FeII (ΔE0 = 0.6 V) with thermody-
namical favorability (Equation (11)), which was consistent with the ICP 
results that showed a decrease in Fe concentration and the gradual 

increase of Cu (Nie et al., 2009). Therefore, the excellent catalytic ac-
tivity of the Cu5p@FeNC-H2O2 system might be attributed to the effi-
cient regeneration of FeII through CuI-based redox reaction which could 
also be beneficial for the NOM degradation. Under the condition of 
Fenton-like system supported by Cu5p@FeNC catalyst, the rapid gener-
ation of •OH can break the macromolecular substances of the NOM into 
the micromolecular organic matters (OM) (Equation (12)), and then 
these micromolecular fractions can further be degraded by •OH 
(Equation (13)). Additionally, the XPS spectrums of the Cu5p@FeNC 
catalyst before and after the oxidation reaction were also provided. The 
negligible difference was found between fresh and used catalyst in the 
XPS survey spectrums (Fig. S8a), only the surface atom concentration of 
carbon and oxygen decreased and increased respectively, which illus-
trated that the N-C groups on the surface of the catalyst might be 
partially converted into oxygen-containing groups due to the partici-
pation in the oxidation treatment (Liu et al., 2020). As shown in the XPS 
narrow scan spectrums of Fe 2p and Cu 2p (Fig. S8b), the positions and 
intensities of the deconvolution peaks of both elements had no signifi-
cant changes, which proved the Fe-Cu redox electron pairs of the cata-
lyst has not been distinctly consumed through the Fenton-like process, 
so that the oxidation treatment could be performed stably. 

≡ FeII + H2O2 → ≡ FeIII + •OH + OH − (Eq 5)  

≡ CuI + H2O2 → ≡ CuII + •OH + OH− (Eq 6)  

≡ FeIII + H2O2 → ≡ FeII + •O2H + H+ (Eq 7)  

≡ CuII + H2O2 → ≡ CuI + •O2H + H+ (Eq 8)  

≡ FeII + ≡ → ≡ FeII* (Eq 9)  

≡ CuII + FeII* → ≡ CuI + FeIII (Eq 10) 
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Fig. 7. HPSEC and TOC of OL (a) and JM (b) samples with different treatments. FTIR spectra of freeze-dried samples of OL (c) and JM (d) with different treatments.  
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≡ FeIII + CuI → ≡ FeII + CuII ΔE0 = 0.6 V (Eq 11)  

NOMmacromolecule + • OH → OMmicromolecule (Eq 12)  

OMmicromolecule + • OH → degradation products (Eq 13)  

3.7. Cu5p@FeNC treatment to natural surface water samples 

To verify the NOM degradation courses in natural waters, surface 
water from OL and JM were employed to investigate the catalytic ac-
tivity of the Cu5p@FeNC-Fenton system. EEM peaks at EX/EM = 240 
nm/360 nm and 230 nm/410 nm corresponding to the humic-like 
substance in OL and JM, respectively (Fig. 6), and the peak at EX/EM 
= 230 nm/300 nm represented the presence of small molecular pollut-
ants in water bodies (Yu, W.Z. et al., 2015). The significant decrease in 
both peaks indicated the influence of oxidation reaction by Cu5p@-
FeNC-H2O2. Additionally, the increase in EX/EM = 300 nm/270 nm 
peak indicating the phenol analogs was also observed in both SW sam-
ples, which may be due to the increased aromatic hydroxyl generated 
during the Fenton oxidation process (Cory and McKnight, 2005). 

Variations in apparent molecular weight (AMW) of both SW samples 
were presented by HPSEC spectra, along with the TOC values before and 
after Fenton-like oxidation (Fig. 7a and b). Similar to results of the HA 
degradation as showed previously, the Fenton-like reaction had signif-
icantly degraded the AMW within the range of 2–10 kDa for both surface 
waters, but a very minute change was observed for the small molecules 
less than 2 kDa. Additionally, even with the higher TOC values of the OL 
compared to JM, an almost equal TOC reduction percentage was 
observed for both SW samples, illustrating the adequate NOM 

mineralization by Cu5p@FeNC-H2O2 system at different TOC concen-
trations. However, a slight decrease in catalytic degradation efficiency 
of natural surface waters (i.e. OL and JM) was observed compared to the 
HA solution. 

Subsequently, the freeze-dried vacuum samples of both SW samples 
were further characterized by FTIR shown in Fig. 7c and d. In this aspect, 
an increase in C-O bond intensities on the hydroxymethyl at 1058 cm− 1 

and -OH at 3350 cm− 1 could be noticed, resulting in the increased hy-
drophilic groups that ultimately enhanced the oxidation process. In 
addition, the peaks appeared in SW samples at 1627 cm− 1 and 1200 
cm− 1 corresponding amino (-NH2, sharp peak at 1627 cm− 1) and C-N 
bond in fatty amines (C-N, wide peak at 1030-1203 cm− 1), respectively, 
were not found in HA solution. The presence of these two groups indi-
cated the existence of amine or protein-like substances in SW samples as 
essential ingredients of the NOM. Moreover, the higher intensities of 
-NH2 and C-N groups were observed in OL than that of JM water, and the 
intensities of both groups decreased significantly after Cu5p@FeNC- 
H2O2 system treatment. All of these findings further proved the efficient 
NOM degradation ability of the Cu5p@FeNC catalyst. Moreover, the 
stability of this Cu5p@FeNC catalyst in proceeding Fenton-like reactions 
in two natural surface waters was also evaluated through the same cycle 
experiments as before (Fig. S9). The UV254nm and EEM intensities of the 
SW samples were found decreasing after the repeated catalysis experi-
ments under SW conditions. Although the performance of Cu5p@FeNC in 
SW showed a slightly worse behavior than that of HA solution, but still 
proved the highly maintained catalytic Fenton-like ability of Cu5p@-
FeNC with the encountered with foulants in surface water. 

Overall, the Cu5p@FeNC-Fenton system could perform an effective 
oxidative NOM degradation against surface water samples under weakly 
alkaline conditions, and the catalytic performance could not decline 

Fig. 8. Membrane flux of HA10ppm (a), SA10ppm (b), and BSA10ppm (c) samples through different treatments and then filtered by UF membranes (PES, 20 kDa), 
respectively. 
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Fig. 9. Membrane flux of OL (a, c) and JM (b, d) samples through different treatments and then filtered by UF/NF membranes, respectively.  

Fig. 10. The continuous contact angles of UF/NF membranes fouled by different treated OL (a, c) and JM (b, d) samples, and the instantaneous contact angle images 
of these membranes were also showed after the legends. 
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repeated experiments. However, this decreased NOM mineralization of 
the SW samples compared to HA solution (control experiment) could be 
observed, which was mainly attributed to the complex effect of total 
dissolved organic carbon and coexisting anions consuming ⸱OH radicals 
and ultimately resulting in a lower radical formation rate in natural 
water matrices (Lindsey and Tarr, 2000). For comparison, although the 
catalytic performance slightly reduced under the influence of complex 
organic matters in SW, the Cu5p@FeNC-Fenton system could still be used 
as an effective strategy for NOM degradation and mineralization. 

3.8. Membrane fouling test 

As reported previously, the humic substrates, polysaccharides, and 
proteins were the main components of the NOM. Therefore, humic acid 
(HA), sodium alginate (SA), and bovine serum albumin (BSA) were 
applied as NOM models to evaluate the membrane fouling mitigation 
capacity of the Cu5p@FeNC-H2O2 system. Each membrane filtration 
experiment underwent three filtration and backwash cycles with the 
same membrane, and mitigation capacity was reported in normalized 
flux J/J0 for each model solution. The absolute concentrations of SA and 
BSA were measured as reported previously by Yu et al. (Yu, W. et al., 
2015). 

As shown in Fig. 8a, both HA-Raw and HA-H2O2 caused a high de-
gree of membrane fouling, and the flux recovery was also found to be 
very low. However, the application of the Cu5p@FeNC-H2O2 system 
maintained the membrane flux upto above 85% for each filtration cycle. 
These findings further proved that the Cu5p@FeNC effectively degrade 
the organic content of the HA which has caused irreversible membrane 
fouling. Additionally, the membrane flux with SA model solution 
decreased upto a 45% shown in Fig. 8b, and about 90% of flux recovery 
was achieved for each filtration cycle after backwashing. These trends 
indicated that the fouling caused by SA solution was mostly reversible 
membrane fouling, which can be recovered easily by backwashing. In 
contrast, no significant change in membrane fouling intensity was 
observed by adding only 5 mM H2O2 to the SA solution for pretreatment. 
However, employing the Cu5p@FeNC-H2O2 system effectively improved 
the membrane flux performance, mainly ascribed to the rupturing of the 
long-chain SA structure (Kimura et al., 2004). Besides, an opposite trend 
was observed with the BSA filtration experiment shown in Fig. 8c. In 
both BSA-Raw and BSA-H2O2 systems, the membrane flux decreased 
upto 50% with a low membrane flux recovery, illustrating an irrevers-
ible severe membrane fouling by BSA. However, the catalytic treatment 
(i.e. Cu5p@FeNC-H2O2) of model BSA solution further reduced the 
membrane flux with almost negligible flux recovery after backwash. 
This flux decline even after Fenton-like oxidation was possibly thought 
that the spherical BSA structure was broken into the small molecules and 
more likely to retain in membrane pores to cause a severe membrane 
fouling (Ho and Zydney, 2000). After that, the concentrations of 
permeated SA and BSA were determined (Fig. S10), it can be observed 
that the Cu5p@FeNC-H2O2 system had a noticeable removal effect on 
both SA and BSA. These results further illustrated that the combined 
effect of Fenton-like oxidation and UF membrane filtration showed a 
high removal efficiency for all model solutions. 

Similarly, the Cu5p@FeNC-H2O2 system also showed an effective 
membrane fouling mitigation for both membranes (i,e, UF and NF) 
against SW samples. The slight reduction of membrane fouling was 
observed with the addition of H2O2 in OL and JM water samples were 
shown in Fig. 9a and b, respectively. However, the application of 
Cu5p@FeNC significantly reduced UF membrane fouling with both SW 
samples, and the flux recovery of more than 90% of the initial flux was 
also achieved for both membranes. Moreover, NF experiments of OL 
(Fig. 9c) and JM (Fig. 9d) also showed a minor flux improvement by 
adding H2O2 similar to UF membranes. In contrast, the participation of 
Cu5p@FeNC-H2O2 showed a stable membrane fouling mitigation per-
formance for both SW samples, and up to 97% of flux recovery was 
achieved after each filtration cycle using the Cu5p@FeNC-H2O2 system. 

To further explore the degree of UF/NF membrane fouling, the hy-
drophilicity of the membrane surface was measured in terms of 
continuous contact angle (OCA). Both surface waters (i.e. OL and JM) 
showed similar trends of the UF membrane hydrophobicity (initial 
contact angle) with a gradual decrease in 150 s (Fig. 10a and b). How-
ever, the catalytic treatment by Cu5p@FeNC-H2O2 samples decreased 
the initial contact angle by 10◦ for both SW samples, and the OCA also 
decreased more rapidly than untreated samples. Likewise, the contact 
angle of NF membranes (Fig. 10c and d), also reduced upon Fenton-like 
oxidation for both water samples. All these findings indicated that the 
hydrophilicity of the cake layer retained on the membrane surface re-
sponds differently upon different treatments. The H2O2 added a very 
slight change on membrane hydrophilicity, while the Cu5p@FeNC-H2O2 
treatment effectively enhanced the hydrophilicity of the membranes by 
reducing the contact angle for both SW samples. 

4. Conclusions 

In this study, Cu5p@FeNC nanoparticles were successfully synthe-
sized and applied as a heterogeneous neutral catalyst, resulting in 
enhanced catalytic degradation of HA and surface water NOM. Cu5p@-
FeNC catalyst showed nearly complete degradation of HA (10 mg/L, pH 
7) in 30 min in the presence of 5 mM H2O2. Similarly, high oxidation and 
mineralization were also observed for both types of natural surface 
waters. Subsequently, membrane filtration experiments further indi-
cated the oxidizing capacity of Cu5p@FeNC-H2O2 system against HA, SA, 
BSA, and both surface waters by effectively reducing the UF/NF mem-
brane fouling. The XPS spectrum, ESR analysis, and other experimental 
results illustrated that the high catalytic activity was ascribed to the 
synergistic reaction of FeII/FeIII and CuI/CuII redox pairs. Based on these 
findings, a possible catalytic oxidation mechanism for this study was 
proposed. Additionally, the Cu5p@FeNC catalyst showed strong stability 
and easy magnetic separation recycling, making it suitable for further 
applications. 

Overall, Cu5p@FeNC-H2O2 Fenton-like process has been proved to 
perform effective degradations of different NOM constituents such as 
humic substances, polysaccharides, and proteins, and also effectively 
enhanced the membrane fouling mitigation as a pretreatment for 
different surface water samples. Additionally, the reduced membrane 
fouling was mainly attributed to the increased hydrophilicity of the 
treated samples and membrane specimens determined by the FTIR and 
OCA. 
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