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Abstract
Co3O4@Fe3O4/cellulose was synthesized by in-situ self-assembly strategy coating rod-like MOF-derived
Fe3O4 with Co3O4 nanoparticles and blending with cellulose solution, further applied in the visible lightdriven photo-Fenton system for PFOA degradation. In addition, Co3O4@Fe3O4/cellulose/Vitrimer was
obtained to explore the application of self-healing property in photo-Fenton filed and the result turned out
to be good self-healing capacity for small cracks. In comparison, Co3O4@Fe3O4/cellulose can degrade
around 94.5% PFOA within 180 min in reaction system, which shows better degradation capacity than
others catalyst. Moreover, Co3O4@Fe3O4/cellulose was reused by rinsing with ultra-pure water and the
degradation capacity was still 80.4% after five cycles. In this system, the results of Electron paramagnetic
resonance analysis (EPR) and scavenger experiment suggested that PFOA degradation was a codependent mechanism via photogenerated electrons, photogenerated holes (h+) and various radical
species, rather than a single active constituent. The degradation pathway of PFOA also was proposed
based on UHPLC-MS analysis.

1. Introduction
Perfluorooctanoic acid (PFOA), as a typically perfluorinated compound (PFCs), have been used in many
products including packing materials, surfactants and nonstick cookware (Park et al., 2020). PFOA is
frequently found in drinking water, wildlife and human serum, owing to its high energy carbon-fluorine
bonds (C-F, 485 kJ mol− 1) and bioaccumulation (Chen et al. 2021; Elanchezhiyan et al. 2021). More
significantly, it has been confirmed that PFOA lead to severely diseases for human health, such as
reproductive problems, thyroid disease, and cancer (Blake et al. 2018). Hence, it is increasingly urgent for
human health to remove PFOA from environmental medium through efficient and cost-effective methods.
Recently, advanced oxidation processes (AOPs), by active radical species achieving degradation, have
shown prominent advantage in organic pollutants degradation filed, due to virtue of removal high
efficiency and thoroughness. However, the Fenton/Fenton-like is considered to be ineffective for PFOA
degradation in some reports, as hydroxyl radicals (•OH) is inactive to PFOA (Trojanowicz et al. 2018). To
address this issue, a few researches found •OH radical can effectively degrade PFOA when extra external
energies are introduced to assist Fenton/Fenton-like. Tang et al. reported that the removal rate of PFOA
was more than 95% within 5 h in Fe2+/H2O2/UV system, while low PFOA removal efficiency achieved in
Fe2+/H2O2 system (Tang et al. 2012). The result reveals the feasibility of photo-Fenton in the degradation
of PFOA, whereas UV is high energy consumption and must be reacted under strict conditions. Obviously,
the visible light is more cost-effective application in photo-Fenton system because of low energy
consumption and mild conditions. So selecting the suitable catalyst is pivotal for constructing visible
light-driven photo-Fenton system.
Ferroferric oxide (Fe3O4), as traditional Fenton catalysts, still draws considerable concern in wastewater
treatment on account of its high stability, efficiency and recyclable ability(Jiao et al. 2018). Currently,
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Fe3O4 have been reported to achieve excellent photocatalytic activity under visible light irradiation (Liang
et al. 2020; Xie et al. 2020). The Fe3O4 derived from Fe-MOFs show higher specific surface area and
porosity than bulk Fe3O4 material because the framework structure of MOFs is retained during thermal
treatment. For these characters, the MOF-derived Fe3O4 is considered as an ideal catalyst material for
photo-Fenton system. Moreover, the heterojunction construction is regarded as more efficient strategy
than single semiconductors to enhance photocatalytic activity, which can reinforce the utilization ratio of
visible light, furnish abundant charge transport channels and shorter migration distance (Feng et al.
2019). Meanwhile, compared with several transition metal ions, cobalt ions (Co2+) not only exhibit
superior photocatalytic activity under visible light irradiation, but also is an earth-abundant metallic
element (Warang et al. 2013). Accordingly, in-situ coating Co3O4 nanoparticles on the surface of porous
Fe3O4 (Co3O4@Fe3O4) by self-assembly strategy to form heterojunction for reducing the electron-hole
recombination of pure Fe3O4 may obviously promote catalytic activity of catalyst.
Cellulose is one of the most abundant biomass materials in nature. Due to its interesting properties,
namely, low-cost, sustainability and biocompatibility, cellulose is considered as a great potential raw
material for making environmentally friendly products (Hou et al. 2021). When cellulose is dissolved in
NaOH/urea/thiourea aqueous media, it can be easily molded into composite membranes by blending
catalyst and the hydrophilic of regenerated cellulose can improve the accessibility of reaction solution to
the surface of composite materials. In addition, the introduction of cellulose alleviates the agglomeration
phenomenon of transition metal oxides catalysts like Fe3O4 and Co3O4, and further reinforcing
degradation performance and recyclability (Li et al. 2020). Furthermore, in recent years, various selfhealing materials have been reported to use as reinforcement and molding agent for improving the cycle
stability of products in different fields. Vitrimer, a cross-linked polymer material, can be reprocessed to
achieve self-healing via exchange reactions at a certain temperature and maintain the same number of
cross-links and covalent bonds (Lossada et al. 2019; Zhao et al. 2019). Therefore, it is good attempt to
endow composite membranes with self-healing property by conjunction with vitrimer.
Herein, Co3O4@Fe3O4/cellulose and Co3O4@Fe3O4/cellulose/Vitrimer (Co3O4@Fe3O4/cellulose/V) blend
membranes are synthesized by using cellulose as composite material matrix to blend with Co3O4@Fe3O4,
and further applied in the photo-Fenton system for PFOA removal and self-healing property exploration,
respectively. In this system, Co3O4@Fe3O4 not only active H2O2 to generate •OH radicals, but also take
advantage of photocatalysis to promote decarboxylation for assistance •OH degradation of PFOA.
Meanwhile, cellulose endows composite material superior hydrophilic and recyclability. The catalytic
performance of Co3O4@Fe3O4/cellulose is also evaluated in detail by changing various parameters.
Moreover, the reasonable degradation mechanism and pathway are proposed on the basis of the
identified intermediates of PFOA degradation. Although the degradation rate of
Co3O4@Fe3O4/cellulose/V for PFOA slightly decreases than that of Co3O4@Fe3O4/cellulose, the
degradation rate of PFOA can retain at 81.3%. What is more, the self-healing property and decreasing
leached metal ions of Co3O4@Fe3O4/cellulose/V are positive for degradation process.
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2. Experimental Methods

2.1. Reagents and materials
Ferric chloride (FeCl3•6H2O), cobalt nitrate (Co(NO3)2·6H2O), hydrogen peroxide (H2O2), N,Ndimethylformamide (DMF), sodium hydroxide (NaOH), ammonium hydroxide, HPLC-grade acetonitrile
and sodium oxalate (Na2C2O4) purchased from Damao Chemical Reagent Factory. Fumaric acid and
perfluorooctanoic acid (PFOA) were obtained from Aladdin Co., China. Anhydrous ethanol (EtOH) and tertbutanol (TBA) were obtained from Ante Food Co., Ltd. All chemical reagents were directly used without
further purification and all solutions were prepared using ultra-pure water, obtained from a Milli-Q system.

2.2. Synthesis of MOF-derived Fe3O4 and Co3O4@Fe3O4
The MOF-derived Fe3O4 was obtained via the thermolysis under N2 atmosphere at 600°C for 4 h, and the
details were described in supporting information (Scheme 1(a)). For the synthesis of Co3O4@Fe3O4,
Fe3O4 (0.3 g) was added into 13 mL of H2O and 13 mL of C2H5OH solution with strring for 1 h to form
homogeneous suspension. Then the Co(NO3)2·6H2O (1 mmol) was added into the obtained suspension
under mechanical agitation for 3 h. After 1.25 mL ammonium hydroxide was added under stirring for 1 h,
the resultant mixture was poured into a 100-mL Teflon-lined stainless steel autoclave and reacted at
170°C for 8 h. The Co3O4@Fe3O4 was washed with ultra-pure water and EtOH for three times and vacuum
dried at 60°C overnight (Scheme 1(b)).

2.3. Synthesis of Co3O4@Fe3O4/cellulose and
Co3O4@Fe3O4/cellulose/V
Initially, 100 g solvent system of alkali/urea/thiourea/water (8/6/8/78 wt%) was pre-cooled to -12.5ºC for
1 h (Hou et al. 2021). Subsequently, 2.0 g of cotton pulp cellulose was added to the obtained solution and
stirred to give 2 wt% cellulose solution at ambient temperature. While for Co3O4@Fe3O4/cellulose
synthesis, a certain amount of Co3O4@Fe3O4 (2.5, 5, 10 and 15 wt % based on the total weight of
cellulose) was added into cellulose solution with ultrasonic agitation for 4 h. Afterward, 5.0 g of blended
solution was poured into a mould and heated to lost its fluidity at 80ºC. Then, the mould was placed in
ultra-pure water to rinse for 2 h and dried by freeze-drying for 4 h. The Co3O4@Fe3O4/cellulose/V was
prepared by directly dripping vitrimer solution on the Co3O4@Fe3O4/cellulose (The synthesis route of
vitrimer was obtained in the Supplementary data, Fig. S1.). Then, Co3O4@Fe3O4/cellulose was heated at
60°C for 1 h to evaporate the CH2Cl2 and heated at 90°C for 12 h (Scheme 1(c)).
Scheme. 1 Schematic representation of the steps to prepare Co3O4@Fe3O4/cellulose/V blend
membranes.

2.4. Characterization methods
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Co3O4@Fe3O4 nanoparticle and blend membranes were characterized by X-ray diffraction (XRD, D8
Advance), Fourier transform infrared spectra (FTIR, Vectory-22), Uv-vis-near-infrared spectrometer (UV-VISNIR, Cary 5000), Scanning electron microscopy (SEM, FEI Verios 460), X-ray photoelectron spectrometry
(XPS, Thermo ESCALAB 250XI), Electrochemical station (CHI830D/832D), Electron paramagnetic
resonance (EPR, EMXmicro-6/1/P/L), High–performance liquid chromatography (HPLC, Waters 1525),
Ion chromatograph (IC, 940 Metrohm), Inductively coupled plasma-atomic emission spectrometry (ICPAES, PE OPTIMA 2100DV), Total organic carbon (TOC, Vario TOC), Ultra-high-performance liquid
chromatograph tandem mass spectrometer (UHPLC-MS, QEXACTIVE). The detailed information of those
characteristics is shown in the Supplementary Material.

2.5. Degradation experiment and analysis
100 mL of PFOA solution (20 mg/L) was poured into a 250 mL of conical bottle at 25°C. Initially, a blend
membrane was immersed in PFOA solution to achieve adsorption equilibrium in dark. Subsequently, a
certain dose of H2O2 was added into reaction system and the capacity of PFOA degradation contrasted
under xenon lamp (300 W) or darkness with magnetic stirring. Thereafter, at 30 min intervals, 0.1 mL of
reaction solution was extracted and filtered for measuring the concentration of PFOA by highperformance liquid chromatograph (HPLC). Meanwhile, the intermediates of PFOA were analyzed by
ultra-high-performance liquid chromatograph tandem mass spectrometer (UHPLC-MS). The test
parameters can be obtained in the Supplementary data.
In order to evaluate the kinetic mechanism, the pseudo-first-order model was employed to interpret the
experimental data by the following Eq. (1):
ln(

C0
Ct

) = kt

1
where k is pseudo-first-order rate constant (min− 1), C0 (mg/L) is initial PFOA concentration and Ct (mg/L)
is PFOA concentration at time t (min).

3. Results And Discussion

3.1. Morphologic and structure characterization
The SEM images were obtained to analyze the morphologies of Fe-MOFs, Fe3O4, Co3O4@Fe3O4,
Co3O4@Fe3O4/cellulose and Co3O4@Fe3O4/cellulose/V. As shown in Fig. 1(a), the original Fe-MOFs were
obtained by solvothermal method exhibited regular rod-like morphology with an average size of 2.4 µm in
length and 0.5 µm in diameter. After thermal treatment, Fe3O4 still retained the analogous rod-like
structure of Fe-MOFs, while the lengths and diameter of Fe3O4 were decreased to about 2.2 µm and 0.3
µm,
respectively
(Fig. 1(b)). For pure Co3O4, a lot of irregular Co3O4 nanoparticles were observed in Fig.
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S2(a-c) with the average diameter of around 30–40 nm and found obvious agglomeration phenomenon.
From Fig. 1(c), the rod-like Co3O4@Fe3O4 was synthesized when Co3O4 nanoparticles were compactly
coated on the surface of Fe3O4 by in-situ self-assembly strategy and the sizes of Co3O4@Fe3O4 were
slightly larger than those of Fe3O4. From the macroscopic view (Fig. 1(d, e)), compared with cellulose, the
surface of Co3O4@Fe3O4/cellulose can be notably observed plentiful nanoparticles. Furthermore, the
loaded status of Co3O4@Fe3O4 nanoparticles was shown in the inset of Fig. 1 (e). In addition, a layer of
polymer was covered on the surface of cellulose membrane after vitrimers was coated (Fig. 1 (f)).
Figure 1 SEM images of Fe-MOFs (a), Fe3O4 (b), Co3O4@Fe3O4 (c), cellulose (d), Co3O4@Fe3O4/cellulose
(e), cellulose and Co3O4@Fe3O4/cellulose/V (f). The inset displayed in Fig. 1 (e) show the high
magnification SEM of Co3O4@Fe3O4/cellulose.
FTIR spectra were measured from 400 to 4000 cm− 1 to exhibit the obtained materials of functional
groups (Fig. 2(a)). The characteristic peaks at 3163 cm− 1 of cellulose, Co3O4@Fe3O4/cellulose and
Co3O4@Fe3O4/cellulose/V represented the -OH groups on cellulose. For Fe-MOFs, the peak at 1589 and
1388 cm− 1 was assigned to ʋ (C-O) bond and asymmetric stretching of carboxylate group, respectively.
For Co3O4@Fe3O4 and Co3O4@Fe3O4/cellulose, the low intensity peaks at 586 and 661 cm− 1 were
characteristic of the Fe-O stretching vibration of Fe3O4 and the Co-O stretching vibration of Co3O4,
respectively. With vitrimer incorporation, the peak at 1751 cm− 1 attributed to the C = O functional group in
the Co3O4@Fe3O4/cellulose/V (Hou et al. 2020; Zhao et al. 2017; Zhao et al. 2019). These results showed
that the Co3O4@Fe3O4 catalyst was successfully obtained by hydrothermal method, which were further
loaded onto cellulose membranes and incorporated vitrimer.
Figure 2 FTIR spectra of Fe-MOFs, Co3O4, Fe3O4, Co3O4@Fe3O4, Co3O4@Fe3O4/cellulose, cellulose and
Co3O4@Fe3O4/cellulose/V (a); XRD pattern of that (b); The insets in (b) show a local enlarged view of
Co3O4@Fe3O4/cellulose.
XRD patterns of these materials (Fig. 2(b)) were collected to confirm the crystallographic structure. For
pure Fe-MOFs, the obvious diffraction peaks were observed but were complex and overlapped. However,
the diffraction peaks of MOF-derived Fe3O4 and hydrothermal synthesis of Co3O4 were utterly identical to
those of spinel of Fe3O4 (JCPDS NO.43-1003) and Co3O4 (JCPDS NO.88–0866), respectively.
Furthermore, the similar peaks those of pure Fe3O4 and Co3O4 were discovered on XRD pattern of
Co3O4@Fe3O4. This phenomenon demonstrated that Co3O4 was successfully loaded on the Fe3O4 by insitu solvothermal method. As shown in Fig. 2(b), the diffraction peaks of regenerated cellulose
membranes exhibited positioned at (2θ =) 12.6°, 20.1° and 21.7°, which demonstrated the cellulose Ι
structure was converted to cellulose II structure after alkalization (French 2013). From the insets in
Fig. 2(b), a part of diffraction peaks of Co3O4@Fe3O4 were showed on XRD pattern of
Co3O4@Fe3O4/cellulose and positioned at 30.3°, 35.7° and 36.9°. The result proved that Co3O4@Fe3O4
was
effectively
loaded on regenerated cellulose membranes by blending and regeneration methods.
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Furthermore, the XPS spectroscopy of Co3O4@Fe3O4/cellulose was obtained to confirm the surface
elemental composition and the structure of blend membranes. According to the XPS survey spectra (Fig.
S3), Co3O4@Fe3O4/cellulose blend membranes main consists of C, O, Co and Fe elementals.
Nevertheless, owing to uniformly distributed of Co3O4@Fe3O4 in the cellulose membranes, only a little Fe
element and Co element can be detected on the surface of Co3O4@Fe3O4/cellulose by XPS. Figure 3(a)
displayed the C 1s XPS spectra of Co3O4@Fe3O4/cellulose, where it was observed clearly that the peak of
C 1s can be grouped into three main peaks (284.9, 286.5 and 287.9 eV), corresponding to C-C/C-H, C-O
and C = O, respectively (Hu et al., 2018; Zhuang et al., 2020). As shown in Fig. 3(b), the O 1s XPS spectra
can be divided into two peaks at 530.9 and 532.5 eV, ascribing to Fe-O/Co-O and C-O, respectively (Liang
et al. 2020; Liu et al. 2018).
Figure 3 XPS spectra of Co3O4@Fe3O4/cellulose: (a) C 1s and (b) O 1s.
To investigate the photocatalytic properties of composite materials, the UV-vis DRS of pure Fe3O4, pure
Co3O4 and Co3O4@Fe3O4 were recorded and compared. As shown in Fig. 4(a), the three samples had
excellent adsorption band response in the whole wavelength range from 200 to 800 nm, indicating these
materials can efficiently utilize visible light and UV. Compared with Co3O4@Fe3O4, the spectra of Fe3O4
had no obvious absorption edge through the visible light wavelength range because of its typical metallic
character (Wang et al. 2019). On the basis of Tauc plot, the band gap energy (Eg) of pure Fe3O4, pure
Co3O4 and Co3O4@Fe3O4 were calculated to be 2.13, 2.10 and 2.12 eV, respectively (Fig. 4(b)) (Wang et
al. 2014; Zhao et al. 2017). Furthermore, the flat band potential (EFB) of pure Fe3O4, pure Co3O4 and
Co3O4@Fe3O4 were evaluated by Mott-Schottky curve. As shown in Fig. 4(c), these materials were typical
p-type semiconductors due to the negative slope of their curves. The EFB of pure Fe3O4, pure Co3O4 and
Co3O4@Fe3O4 were around 1.45, 1.04 and 1.31 eV versus SCE (equivalent to 1.69, 1.28 and 1.55 eV vs.
NHE), respectively. As is well known, the valence band (EVB) position was more positive by 0.1 eV than the
EFB for p-type semiconductor (Hou et al. 2021). Therefore, the EVB of these materials were around 1.79,
1.38 and 1.65 eV vs. NHE. Using the equation ECB = EVB - Eg, the conduction band (ECB) of the three
samples were calculated to be approximately − 0.34, -0.72 and − 0.47 eV vs. NHE, respectively.
Figure 4 The optical properties of pure Fe3O4, pure Co3O4 and Co3O4@Fe3O4: (a) UV–vis DRS spectra; (b)
the corresponding Tauc plot; (c) The Mott–Schottky curves; (d) Transient photocurrent response (in a 0.5
M Na2SO4 solution ).
As shown in Fig. 4(d), the charge carrier migration of pure Fe3O4, pure Co3O4 and Co3O4@Fe3O4 was
detected and compared by electrochemical measurements under visible light irradiation. From the
photocurrent verses time (I-t) curves of pure Fe3O4, pure Co3O4 and Co3O4@Fe3O4, these electrode
photocurrent response curves can be changed by controling xenon lamp, indicating the separation or
recombination of photo-generated electron-hole pairs (Yu et al. 2016).

3.2
Photo-Fenton performances on PFOA degradation
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Figure 5(a) showed the degradation performances of as-prepared catalysts for PFOA. In dark, although
•OH radical can be produced by Co3O4@Fe3O4/cellulose activated H2O2, the degradation rate of PFOA
was only 16.1% and the rate constant was 0.0009 min− 1 (Fig. S4(a)). Nevertheless, under visible light
irradiation, 44.8% of PFOA was degraded by photocatalysis of Co3O4@Fe3O4/cellulose within 180 min. In
addition, the degradation rate of PFOA can be increased to 94.5% when Co3O4@Fe3O4/cellulose and
H2O2 were present in reaction solution under visible light irradiation. These phenomena implied that it
was ineffective to degrade PFOA by Fenton/Fenton-like alone and •OH may play a key role to facilitate
the PFOA hydroxylation in Photo-Fenton system (Javed et al. 2020). Furthermore, the removal rate and
rate constant of PFOA decreased to around 81.3% and 0.0089 min− 1, respectively, when
Co3O4@Fe3O4/cellulose/V was used to degrade PFOA under the same condition. The phenomenon can
be attributed to vitrimer which may inhibit the catalyst ability to degrade PFOA. Meanwhile, as shown in
Table S1, PFOA was efficiently degradation under UV irradiation but that of inefficiently under visible light
irradiation in previous studies. In comparison, this work improved the degradation capacity of PFOA
under visible light irradiation.
As shown in Fig. 5(b), different H2O2 dosages were added to explore the catalytic performance. When the
H2O2 concentration increased from 10 mM to 30 mM, the degradation rate increased with the H2O2
concentration in reaction solution and the rate constants also increased from 0.0046 min− 1 to 0.0151
min− 1 (Fig. S4(b)). However, the degradation rate decreased when the H2O2 concentration was increased
to 40 mM. A part of •OH was captured by excess H2O2 to generate the weak oxidation capacity HO2•,
which not only reduced the catalytic capacity of reaction system but also accelerated the consumption of
H2O2 (Pereza et al. 2002). Hence, the optimal concentration of H2O2 was 30 mM in the Photo-Fenton
system.
Figure 5(c) exhibited the impact of Co3O4@Fe3O4 dosages on the degradation rate of PFOA. The
degradation performance was promoted obviously when the weight percent of catalyst was increased
from 2.5% (k = 0.0038 min− 1, Fig. S4(c)) to 10% (k = 0.0151 min− 1, Fig. S4(c)), it is because the number of
active sites increased with the weight percent of catalyst. Yet degradation rate changed slightly when the
weight percent of catalyst was increased 15%. Excessive catalysts were difficult to uniformly disperse on
the cellulose membrane, resulting in the agglomeration of catalysts, reducing the active sites and
increasing the scattering of the irradiated light (Wang et al. 2017). To save resources and ensuring
degradation effect, the weight percent of catalyst was set as 10% in this work.
The pH value not only affected the surface charge of the catalyst but also ionization state of PFOA and
consequently to impacted the degradation performance. In the Fig. 5(d), various initial solution pH was
evaluated during photo-Fenton process. Under visible light irradiation for 180 min, the best degradation
rate of PFOA was 94.5% at pH 3 while was gradually decreased to 79.6% and 65.9% as pH increased to 5
and 7, respectively. The degradation rate of PFOA further obviously decreased to 32.5% (k = 0.0017 min− 1,
Fig. S4(d)) when the pH was increased to 10. In basic solution, •OH was unstable and abundant •OH was
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consumed by reacting with OH- ions, leading to slow down degradation of PFOA (Xu et al. 2020).
Moreover, Fig. 5(e) exhibited the zeta potential of Co3O4@Fe3O4/cellulose in different pH value. It can be
clearly observed that the zeta potential decreased with the increased solution pH, and the zero point of
charge (pHzpc) of Co3O4@Fe3O4/cellulose was 5.2. In previous study, the acid dissociation constant
(pKa) of PFOA had been reported to be approximately 2.8 (Shang et al. 2018). In consequence, both
PFOA as well as the surface of Co3O4@Fe3O4/cellulose were negatively charged when the reaction
solution pH was higher than 5.2. It was difficult for Co3O4@Fe3O4/cellulose to adsorb PFOA due to
repulsion each other, restraining the photo-Fenton efficacy. Hence, the degradation capacity of
Co3O4@Fe3O4/cellulose for PFOA decreased at higher pH as a result of describing above reasons.
Figure 5(f) presented the degradation capacity of the Co3O4@Fe3O4/cellulose after five cycles. Although
the PFOA degradation capacity slightly decreased after the first degradation cycle on account of the loss
of nanoparticles rinsed, the degradation rate of PFOA was still 80.4% after five cycles. Meanwhile, the
leached Fe and Co (CFe and CCo) were only 0.05 and 0.49 ppm after first degradation cycle, respectively.
What is more, the CFe and CCo remained at 0.05 and 0.42 ppm when Co3O4@Fe3O4/cellulose/V was used
as catalyst (Fig. S5), which suggested that Co3O4@Fe3O4/cellulose and Co3O4@Fe3O4/cellulose/V
membranes had more outstanding stability than Co3O4@Fe3O4 powder. The phenomenon may be caused
by the interception of cellulose and the protective effect of vitrimer..
Figure 5 (a) Degradation efficiency of PFOA in different reaction systems within 180 min; (b) Effect of
H2O2 concentration; (c) Effect of catalysts dose; (d) Effect of solution pH; (e) the pH effect on the zeta
potential of Co3O4@Fe3O4/cellulose. (f) Reusability of blend membrane. Reaction conditions: PFOA = 20
mg/L, H2O2 = 30 mM (10, 20, 30 and 40 mM in Fig. 5(b)), pH = 3.0 (2.5, 3.0, 5.0, 7.0 and 10.0 in Fig. 5(d)).
Figure 6(a) presented the time-dependent changes of F− concentration within 180 min in
H2O2/Co3O4@Fe3O4/cellulose/visible light system (H2O2/membrane/visible light system). It was clear
that the concentration of F− was a positive relation with time, which implied that the C-F bonds were
cleaved through photo-Fenton. The concentration of F− was around 6.5 mg/L within 180 min by ion
chromatograph (IC) which equivalent to defluorination ratio of 47%. However, the concentration of F− was
around 13.1 mg/L by theoretical calculation under optimal degradation condition. This result was
explained from two main aspects. On one hand, Co3O4@Fe3O4/cellulose can adsorb F− due to porous
structure of cellulose membranes (Wang et al. 2019). On the other hand, some kinds of short-chain
perfluorocarboxylates (PFCAs) were generated during the degradation process (Gomez-Ruiz et al. 2018).
And these short-chain PFCAs were detected and analyzed by UHPLC-MS to confirm this claim in this
work. The total organic carbon (TOC) removal was also measured to evaluate the mineralization rate of
PFOA under optimum degradation condition and shown in Fig. 6(b). The TOC removal efficiency
increased continuously over time, and reached 67% after degradation of PFOA for 180 min. These results
indicated that the prepared Co3O4@Fe3O4/cellulose can efficiently mineralize PFOA through visible lightdriven photo-Fenton system.
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Figure 6 (a) Concentration of F− by Co3O4@Fe3O4/cellulose degradation of PFOA; (b) TOC removal
efficiency by Co3O4@Fe3O4/cellulose degradation of PFOA. Reaction conditions: PFOA = 20 mg/L, H2O2
= 30 mM, and pH = 3.0.

3.3 Photo-Fenton mechanisms
3.3.1 Active constituents
In the H2O2/membrane/visible light system, to confirm the involvement of various active radical species,
several kind of scavengers (TBA, BQ and Na2C2O4) were added to system for scavenging •OH, superoxide
radical (O2•−) and photogenerated holes (h+), respectively. From the Fig. 7(a), almost of PFOA was
degraded under optimal experimental conditions within 180 min. However, when 20 mmolL− 1 of TBA or
BQ was added in the reaction solution, the degradation rate of PFOA reduced to 57.1% and 73.2%, with
the rate constants of 0.0045 min− 1 and 0.0068 min− 1 (Fig. 7(b)), respectively. The results confirmed that
•OH and O2•− radicals took part in reaction process and promoted the degradation of PFOA. Similarly,
when 20 mmolL− 1 of Na2C2O4 was added in the H2O2/membrane/visible light system, the degradation
performance was significantly depressed, with the degradation rate of 26.3% and the rate constant of
0.0017 min− 1, indicating that h+ played major roles for PFOA degradation in the this system. In a word,
the scavenger experiment result suggested that PFOA degradation was a co-dependent mechanism via h+
and various radical species, rather than a single radical or h+ alone in the H2O2/membrane/visible light
system. Meanwhile, to sustain the results of the scavenger experiment, the active radical species further
were probed by EPR spectra with DMPO. As shown in Fig. 7(c), whether under visible light irradiation or
dark condition, the signals of DMPO-•OH (peak intensity ratio = 1:2:2:1) were observed. However, the
signals intensity of DMPO-•OH were stronger under visible light irradiation, due to visible light
acceleration of Fe2+/Fe3+ cycle during H2O2 activation process (Wu et al. 2020). From Fig. 7(d), the
signals of DMPO-O2•− (peak intensity ratio = 1:1:1:1) only were observed under visible light irradiation
because O2•− was produced by photocatalysis of Co3O4@Fe3O4/cellulose.
Figure 7 (a) The effect of scavengers (TBA, BQ and Na2C2O4) on PFOA degradation [PFOA = 20 mg/L,
H2O2 = 30 mM, pH = 3.0, Scavenger = 20 mM]; (b) the constant rate of scavenger experiment; (c) EPR
spectra obtained of •OH; (d) EPR spectra obtained of O2•−.

3.3.2 Generation mechanism of active constituents
As shown in Fig. 8(a), Co 2p XPS spectra of pure Co3O4 and Co3O4@Fe3O4 were obtained for exploring
the electronic structure. Compared with pure Co3O4, the Co 2p states of Co3O4@Fe3O4 exhibited a
negative shift. Analogously, the Fe 2p states of Co3O4@Fe3O4 showed significantly positive shift relative
to those of pure Fe3O4 (Fig. 8(b)). In normal condition, the positive shift of XPS spectra suggested a
weakened effect of electron density, and the negative shift hinted an enhance effect of electron density
(Low
et al.
2017; Wang et al. 2020). Therefore, the shift phenomenon indicated the presence of electrons
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migration from Fe3O4 to Co3O4 at the interface of Co3O4@Fe3O4 and formed a electric field at the
interface of Co3O4@Fe3O4. In this case, the photogenerated electrons was drived to transfer from the
Co3O4 to the Fe3O4 and h+ was drived to transfer from the Fe3O4 to the Co3O4 under visible light
irradiation. This transference of photogenerated electrons was proposed to be the typical type II
heterojunction migration system..
The degradation processes of PFOA were shown in Fig. 8(c), a part of photogenerated electrons on the
CB of Co3O4 were migrated to Fe3O4 under visible light irradiation and further reacted with dissolved O2
of solution to reduce into O2•−(O2/O2•−, − 0.33 eV vs. NHE), as shown in Eqs. (2–3) (Wang et al. 2020).
Nevertheless, O2•− was not the main active species due to the low concentration of dissolved O2 in
solution. Meanwhile, the trapped photogenerated electrons by the Fe3+ accelerated the redox cycle of
Fe2+/Fe3+ and facilitate the generation of •OH radical, Eqs. (2, 4–5) (Wu et al. 2020). For •OH radical, it
was only generated by Fenton process because the reduction potential OH−/•OH (2.40 eV vs NHE) was
more positive than that of Co3O4 (1.38 eV vs NHE) (Zhang et al. 2019). However, the h+ in the VB-Co3O4
was a key factor for the PFOA decarboxylation process due to its strong oxidation property.
Figure 8 (a) Co 2p XPS spectra of pure Co3O4 and Co3O4@Fe3O4; (b) Fe 2p XPS spectra of pure Fe3O4
and Co3O4@Fe3O4; (c) Type-II heterojunction reaction mechanism.

Fe3O 4 / Co 3O 4 + hv → Fe3O 4 / Co 3O 4(e − + h + )
2

O 2+ e − → O 2⋅ −
3

Fe3 + + e − → Fe2 +
4

Fe2 + + H 2O 2 → Fe3 + + OH ⋅ + OH −
5

3.3.3 Degradation pathway of PFOA
To explore the degradation pathway of PFOA during the photo-Fenton reaction, the reaction solution at
different times were detected by UHPLC-MS and the degradation intermediates of PFOA were listed in
Table S2 and Fig. S6. A total of four shorter-chain perfluorocarboxylates (PFCAs) were identified in these
solution samples, while only perfluoroheptanoic acid (PFHpA) was detected within 30 min. The
phenomenon indicated that longer PFCAs intermediates were formed in the first step of degradation and
Loadingoxidized
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experimental results and literature work (He et al. 2020; Hou et al. 2021; J. Wang et al. 2020; Wang et al.
2021), the possible degradation pathway was proposed in Fig. 9. Initially, the decarboxylation process of
PFOA was accomplished to generate perfluorinated alkyl radicals (•C7F15) by O2•− and h+ at the beginning
stage of reaction, as shown in Eqs. (6–7). Subsequently, •C7F15 further reacted with •OH radical and
formed C7F15OH (Eq. (8)). However, the C7F15OH is very sensitive in solution and easily eliminated H+ and
F− to generate C6F13COF (Eq. (9)). Finally, C6F13COF was further hydrolyzed into C6F13COOH (PFHpA)
(Eq. (10)). The PFHpA and residual PFOA were degraded to form shorter chain intermediates by similar
decomposition procedure.

C 7F 15COOH + h + → ⋅ C 7F 15+CO 2 + H +
6

C 7F 15COOH + O 2⋅ − → ⋅ C 7F 15 + HO -2 + CO 2
7
⋅ C 7F 15 + ⋅ OH → C 7F 15OH
8

C 7F 15OH → C 6F 13COF + H + + F −
9

C 6F 13COF + H 2O → C 6F 13COOH + H + + F −
10
Figure 9 Proposed degradation pathway of PFOA in the H2O2/membrane/visible light system.

3.4 Self-healing performances and mechanism
In addition, the collision of stirring was inevitable in the catalytic process. Therefore, some small cracks
were caused on the surface of the blend membranes under magnetic stirring, which was negative for the
recyclability of catalyst. As shown in Fig. 10(a), a small crack was clearly observed on the surface of
Co3O4@Fe3O4/cellulose/V blend membrane after some degradation cycles. However, the small crack can
be healed when Co3O4@Fe3O4/cellulose/V was heated at 90°C overnight (Fig. 10(b)). The self-healing
properties was mainly attributed to the trans-carbonation exchange reactions between amidogen groups
and carbonate at the cracks interface, which can quickly and efficiently form of covalent bonds across
the cracks (Zhao et al. 2019).
Figure 10 Self-healing ability of cracks on Co3O4@Fe3O4/cellulose/V surface.
Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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4. Conclusion
In summary, the Co3O4@Fe3O4/cellulose and Co3O4@Fe3O4/cellulose/V blend membranes were
synthesized, which was further employed to degrade PFOA in visible light-driven photo-Fenton system.
Compared with the degradation performance of pure Fe3O4 or pure Co3O4, when Co3O4@Fe3O4/cellulose
was added into reaction solution, the degradation rate of PFOA was increased to 94.5% within 180 min
under visible light irradiation. Moreover, Co3O4@Fe3O4/cellulose can retain 80.4% degradation rate after
five cycles. These experiments showed Co3O4@Fe3O4/cellulose had outstanding stability. For
Co3O4@Fe3O4/cellulose/V blend membrane, although the rate constant of PFOA slightly decreased to
81.3% within 180 min because of incorporating vitrimer, the materials showed good self-healing property
when some small cracks were caused on the surface. According to the scavenger experiment results,
these scavengers were able to restrain the degradation performance by scavenging different active
constituents. The phenomenon indicated that photogenerated electrons, h+, O2•– and •OH radicals were
involved in the PFOA degradation process, and achieved degradation via a co-dependent mechanism,
rather than a single active constituent. Meanwhile, the signals of DMPO-•OH and DMPO-O2•– were
observed in EPR spectra under different conditions. The degradation pathway of PFOA also was
proposed based on UHPLC-MS analysis, which indicated longer chain intermediates were formed in the
initial stage and further oxidized into shorter chain intermediates with the photo-Fenton proceeds. This
strategy provides new insight to develop the visible light-driven photo-Fenton system and the application
of vitrimer in the degradation of organic pollution.
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Figure 1
SEM images of Fe-MOFs (a), Fe3O4 (b), Co3O4@Fe3O4 (c), cellulose (d), Co3O4@Fe3O4/cellulose (e),
cellulose and Co3O4@Fe3O4/cellulose/V (f). The inset displayed in Fig. 1 (e) show the high
magnification SEM of Co3O4@Fe3O4/cellulose.
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Figure 2
FTIR spectra of Fe-MOFs, Co3O4, Fe3O4, Co3O4@Fe3O4, Co3O4@Fe3O4/cellulose, cellulose and
Co3O4@Fe3O4/cellulose/V (a); XRD pattern of that (b); The insets in (b) show a local enlarged view of
Co3O4@Fe3O4/cellulose.

Figure 3
XPS spectra of Co3O4@Fe3O4/cellulose: (a) C 1s and (b) O 1s.
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Figure 4
The optical properties of pure Fe3O4, pure Co3O4 and Co3O4@Fe3O4: (a) UV–vis DRS spectra; (b) the
corresponding Tauc plot; (c) The Mott–Schottky curves; (d) Transient photocurrent response (in a 0.5 M
Na2SO4 solution ).
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Figure 5
5 (a) Degradation efficiency of PFOA in different reaction systems within 180 min; (b) Effect of H2O2
concentration; (c) Effect of catalysts dose; (d) Effect of solution pH; (e) the pH effect on the zeta potential
of Co3O4@Fe3O4/cellulose. (f) Reusability of blend membrane. Reaction conditions: PFOA = 20 mg/L,
H2O2 = 30 mM (10, 20, 30 and 40 mM in Fig. 5(b)), pH = 3.0 (2.5, 3.0, 5.0, 7.0 and 10.0 in Fig. 5(d)).
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Figure 6
(a) Concentration of F− by Co3O4@Fe3O4/cellulose degradation of PFOA; (b) TOC removal efficiency by
Co3O4@Fe3O4/cellulose degradation of PFOA. Reaction conditions: PFOA = 20 mg/L, H2O2 = 30 mM,
and pH = 3.0.
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Figure 7
(a) The effect of scavengers (TBA, BQ and Na2C2O4) on PFOA degradation [PFOA = 20 mg/L, H2O2 = 30
mM, pH = 3.0, Scavenger = 20 mM]; (b) the constant rate of scavenger experiment; (c) EPR spectra
obtained of •OH; (d) EPR spectra obtained of O2•–.
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Figure 8
Self-healing ability of cracks on Co3O4@Fe3O4/cellulose/V surface.
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Figure 9
(a) Co 2p XPS spectra of pure Co3O4 and Co3O4@Fe3O4; (b) Fe 2p XPS spectra of pure Fe3O4 and
Co3O4@Fe3O4; (c) Type-II heterojunction reaction mechanism.
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Proposed degradation pathway of PFOA in the H2O2/membrane/visible light system.
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