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A B S T R A C T   

Heterogeneous advanced oxidation processes (AOPs) are promising to generate reactive oxygen species (ROS) for 
the destruction of aqueous organic pollutants via peroxymonosulfate (PMS) activation. However, practical 
treatment suffers from both mass transfer limitations and the drawback of heterogeneous catalyst. Herein, we 
overcame the challenges by dispersing cobalt nanoparticles encapsulated nitrogen doped carbon shells (Co@N-C) 
within the pores of ultrafiltration membrane uniformly and tightly. The nitrogen doped carbon shells not only 
provided electron to active PMS, but also suppressed the aggregation of the nanoparticles. Furthermore, the 
Co@N-C nanocatalysts were anchored in confined membrane pores to enhance the catalytic efficiency. As ex
pected, the membrane pores concentrated the pollutant and reactive oxygen species, leading excellent instan
taneous decomposing rate. The Co@N-C doped polyvinylidene fluoride (PVDF/Co@N-C) membrane attained 
99.3% tetracycline hydrochloride (TC, 20 mg⋅L− 1) degradation in 60 min. Remarkably, since the higher hy
drophilicity, the permeation flux of PVDF/Co@N-C membrane was enhanced to 636.0 L⋅m− 2⋅h− 1, improving the 
wastewater treatment efficiency. The membrane flux recoveries rate was 85%and the degradation stability was 
excellent after PMS-based cleaning process. In addition, the degradation sites of TC and possible degradation 
pathways were explored with density functional theory (DFT) calculations and liquid chromatography-mass 
spectrometry (LC-MS) analysis. This work provides the potential application of the catalytic membrane in 
water remediation.   

1. Introduction 

Recently, with the dwindling of water, the presence of antibiotics in 
the aquatic environments has emerged as a major concern [1,2]. 
Tetracycline hydrochloride (TC) is widely used in veterinary medicine 
and is discharge to the environment from both human and agricultural 
sources because of the non-biodegradable characters [3,4]. The residues 
left in environment can develop antibiotic-resistant pathogens and cause 
serious problems to human health [5]. 

Sulfate radical-based advanced oxidation processes (SR-AOPs) are 
aqueous phase oxidation methods leading to partial oxidation and 
mineralization of pollutant [6–8]. Because of the redox cycle through 
the transition of electronic state, the multivalent transition metals could 
accelerate peroxymonosulfate (PMS) activation to generate reactive 

oxygen species (ROS) [9,10]. To generate the radical, transition metals 
(TMs) and metal oxides are considered to be an exciting alternative 
which is more economical compared to the energy-based methods, such 
as ultrasound, UV, etc. [11,12]. Carbon-based material catalysts were 
extensively studied because of the unique electron transfer properties 
[13–15]. Moreover, some studies proved that doping nitrogen could 
adjust the chemical property of graphitic shell and provide abundant 
new active sites [16,17]. TMs nanoparticles encapsulated nitrogen 
doped carbon shells (TMs@N-C) with elaborated structures could 
perform efficient catalytic performance and avoid metal ions leaching. 
Wang et al. designed cobalt and nitrogen co-doped porous carbon that 
was highly efficient than Co-C and homogeneous Co2+ for activating 
PMS to remove phenol [18]. Xue et al. probed the different physics and 
catalytic properties of Co@N-C nanoparticles that were produced by 
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pyrolyzing ZIF-67 at different temperature [19]. Though the carbon 
shells could suppress the aggregation, the nanoparticles agglomerate 
inevitably, which affects catalytic activity. And the poisonous metal 
leaching was also the problem need to solve of the heterogeneous 
catalyst. 

Membrane separation is widely used in wastewater treatment owing 
to the advantage of easy operation and high selectivity [20,21]. And due 
to the tortuous pathways of membrane pore size, the enhanced mass 
transfer which depends on mass flow offers high reaction efficiency. 
Now the catalytic membrane, coupling of AOPs and membrane separa
tion processes, has become an emerging water treatment technology 
[3,22–25]. The catalytic membrane not only solves the shortcoming of 
membrane for small-molecular contamination but also overcomes the 
aggregation and re-utilization of nano-catalysts for practice use. Li et al. 
built poly-dopamine and ZIF-67 decorated polypropylene membrane 
with catalysis property and excellent membrane properties [26]. There 
are high loading cites of catalysts in the membrane pores, improving the 
catalytic efficiency due to the enhanced mass transfer. The mass transfer 
enhancement is because of the tortuous pathways of the membrane 
pores, which could high-efficiently concentrate and converse pollutants 
[27]. Constructing a membrane with suitable structure to load nano- 
catalysts is the key to accomplish high and constant catalytic perfor
mances [28]. Lin et al. enable in-situ growth of Prussian blue micro- 
crystals in the PVDF membrane micro-clusters which achieved the 
high degradation efficient and instantaneous decomposing of multiple 
pollutants [29]. However, due to its narrowed pore congested by 
nanoparticles, more catalyst loading would make catalytic membrane 
flux lower, which is an important factor in the practical operation. 
What's more, metal ion leaching of transitional metal catalyst signifi
cantly affects its stability and may cause secondly pollution. Embedding 
metal catalyst on porous carbon shell could not only optimize the sta
bility of the catalyst, but also enhance catalytic activity due to the 
accelerated interaction between metal sites and carbon shell. Besides, 
carbon based catalytic often possesses attractive hydrophilicity, which is 
beneficial to improve the permeability of membranes. 

In this paper, Co@N-C nanoparticles were synthesized by pyrolyzing 
ZIF-67 nanocrystals and then doped in PVDF membrane for wastewater 
treatment via synergistic effect of catalytic oxidation, separation and 
adsorption. PVDF/Co@N-C catalytic membrane achieved high removal 
efficiency of TC with negligible leaching of Co, treating simulated 
wastewater including TC and humid acid (HA). Simultaneously, the 
effect of different operation conditions to the degradation was investi
gated. We identified the ROS involved and proposed reaction mecha
nisms of Co@N-C for PMS activation. Radicals and nonradicals 
pathways were both verified and 1O2 was major contributor. Finally, we 
explored the degradation sites of TC and possible degradation pathways 
by DFT calculation. This work is meaningful for the application of these 
novel catalytic membranes in practical applications. 

2. Experimental section 

2.1. Materials and experimental methods 

We pyrolyzed ZIF-67 to prepare Co@N-C nanoparticles and doped 
the nanoparticles in the membrane (Scheme S1). The specific prepare 
processes are in the Supplementary material. 

2.2. Performance of catalyst particles 

The catalytic performance was evaluated by the removal ratio and 
removal rapid of the TC via PMS activation. 0.01 g catalyst was put into 
the 100 mL 20 ppm TC solution simultaneously with magnetic stirring 
under a 25 ◦C water bath. After rotated for 30 min, we could get the 
adsorption performance of catalyst nanoparticles. Then we added 1.0 
mM PMS into the solution and withdrew quantitative solution to test at 
certain time intervals. The concentration of TC could be measured using 

the UV–vis spectroscope with the wavelength at 357 nm. 
Besides, the TC degradation reaction could be approximated as first- 

order reaction. The kinetics equation was used to analyze the reaction 
rate (Eq. (1)). 

ln
C
C0

= − kt (1)  

where C0 is the initial concentration of TC solution (mg⋅L− 1) and C is the 
tested one, k means the reaction rate constant (min− 1), t means the re
action time (min). 

2.3. Evaluation of membrane performance 

The degradation experiments of TC were used a homemade cross- 
flow filtration device under cyclic conditions (shown in Fig. S1). Batch 
experiments were carried out to get the degradation efficiency of TC 
solution under different conditions (PMS dosage, TC concentration, pH, 
temperature, etc.). 

The water flux was measured to clarify the permeability of the CM 
using a homemade cross-flow model. After 30 min pre-compaction of the 
membranes at 0.12 MPa, the pressure was decreased to 0.1 MPa and 
pure water flux (J) of the membrane was recorded according to Eq. (2). 

J =
V

A × Δt
(2)  

where J is the water flux of membrane(L⋅m− 2⋅h− 1), V is the volume of 
permeate water (L), △t is the filtration time (h), A is the effective 
membrane area (4.9 × 10− 4 m2). 

Membrane porosity (φ) was obtained using Eq. (3). 

φ =
Mw − Md

ρwAd
(3)  

where Mw and Md (g) are the weight of wet and dry membrane, 
respectively, ρw (g⋅cm− 3) is the density of pure water, A (cm2) is the 
membrane area, and d (cm) is the membrane thickness. 

The HA rejection ratio of the catalytic membrane elucidated the 
separating performance to the wastewater treatment. The HA solution 
was circulated in a cross-flow model. The concentration of HA could be 
measured using the UV–vis spectroscope with the wavelength at 254 
nm. The HA rejection ratio (R) was calculated by: 

R =
Co − C

C0
(4)  

where C0 is the initial concentration of HA solution (mg⋅L− 1) and C is the 
tested. 

In the anti-fouling experiments, after 30 min pre-compacted at 0.12 
MPa, the deionized water flux of membrane (Jw1) was measured at 0.1 
MPa for 30 min. Then HA solution flux was measured for 30 min. Af
terwards, the fouled membrane was rinsed by PMS solution. The pure 
water flux of the recuperated membrane (Jw2) was recorded for another 
30 min. Flux recovery rate (FRR) was introduced to evaluate the anti- 
fouling property of membranes and calculated using: 

FRR =
Jw2

Jw1
× 100% (5)  

3. Results and discussion 

3.1. Structure and morphology of catalytic particles 

The morphology of ZIF-67 and Co@N-C are shown in Fig. 1a, b. It can 
be seen that the ZIF-67 were regular dodecahedron morphology with a 
diameter about 300 nm. In addition, the FT-IR diagram further shows 
the Co–N bonding characteristic peak of ZIF-67 nanoparticles (shown in 
Fig. S2). After the pyrolyzing, it could be observed that the 
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dodecahedron structure of ZIF-67 was not collapsed and the dispersed 
Co@N-C particles with a size around 20 nm were stacked on the surface. 
Compared to ZIF-67, the pyrolyzed catalyst provided higher surface 
area. Fig. 1c shows the TEM image of Co@N-C particles, further con
firming the morphology. It was found that nanoparticles exhibited good 
sphericity with a particle size around 20 nm, which was consistent with 
the SEM result. Fig. 1d exhibits the HRTEM image of Co@N-C, mani
festing that Co nanoparticle was well coated with a graphite carbon shell 
with a typical core/shell structure, which was beneficial for enhanced 
stability to suppress the leaching of metal. Moreover, the HRTEM 
analysis demonstrates ca. 0.21 nm and 0.35 nm of the interplanar 
spacing, corresponding to the (111) crystalline plane of zero valence Co 
and the (002) crystalline plane of graphitic carbon [30,31]. EDS map
pings of Co@N-C (shown in Fig. 1e) illustrate the uniform distribution of 
the Co, O, N in nanocrystals. 

The XRD patterns of the catalytic particles are displayed in Fig. 2a, in 
which the peaks at 2θ = 44.5◦, 51.7◦, 75.4◦ can be corresponding to 
(111), (200) and (220) crystalline planes of the pure structure of Co@Cx 
(JCPDS No. 89-4307), respectively[32]. And the existence of broad peak 
at 2θ = 22◦ was due to the influence of Si base. In addition, the peak 
centered at 26◦ can be ascribed to the typical amorphous carbon (002) 
plane ((JCPDS No. 75-1621)) [19]. No other crystal peaks were 
discovered, confirming the successful construction of Co@N-C. Fig. 2b 
displays the nitrogen adsorption− desorption isotherms of Co@N-C 
particles, with a typical type IV isotherm, demonstrating the existence 
of a large number of disordered mesopores [33]. The specific surface 
area (SSA) of the nanoparticles was given as 258.9 m2/g. Besides, the 
pore size of Co@N-C exhibited a range from 2 to 80 nm (Fig. 2c). The 
nanoparticles with high SSA exposed more active sites, improving the 
catalytic efficiency. 

The surface elemental composition and chemical states of Co@N-C 
were further researched by XPS analysis (Fig. 2d). It revealed that the 
prepared Co@N-C mainly consisted of C (87.1 at. %), N (5.18 at. %), O 
(5.75 at. %) and Co (1.98 at. %) elements. As revealed in Fig. 2e, the C 1s 
XPS spectrum was deconvoluted into three peaks located at 284.78, 
285.3 and 287.1 eV, corresponding to graphitic C, C–N and C––O 
respectively [34]. As shown in Fig. 2f, the high-resolution spectrum 
peaks of O 1s located at 531.6 and 529.2 eV, corresponding to hydroxyl 
oxygen (–OH) (86.51%) and lattice oxygen (Olatt) (13.49%), which 
indicates the slight oxidation on the Co particles surface [35]. The N 1s 
spectrum in Fig. 2g was curve-into three peaks located at 398.1, 400.2 
and 402.5 eV, associating with pyridinic-N (48.47%), pyrrolic-N 
(36.40%) and graphitic-N (15.13%), respectively. And of these types 
of N, some researchers have proved that doping graphitic N can speed up 

the electron transfer in carbon materials, which was beneficial to 
enhance the reactivity to activate PMS [16,36]. Fig. 2h provides the 
deconvolution of Co 2p spectra. A high-resolution peaks of Co 2p3/2 
appeared at the binding energies of 777.9, 779.5 eV, corresponding to 
Co–O bond (8.73%) and Co0 (91.27%), which also indicated the weak 
surface oxidation of Co atoms [37]. The zero-valent Co has more rapid 
reaction rate with PMS due to the unique electronic properties [36]. 

3.2. Catalytic evaluation of catalytic particles 

As shown in Fig. 3a, the catalytic degradation efficiencies of Co@N-C 
catalysts for TC removal via activation of PMS were evaluated. And 
control experiments were performed to compare the eliminating effi
ciencies of various catalytic system for TC. The absorption of the TC on 
the catalyst surface was obviously neglectable. With PMS addition 
alone, 40% of TC was removed in 60 min, illustrating that self- 
decomposition of PMS also contributed a part to the TC degradation. 
Further, in the system containing the Co@N-C particles and PMS, a rapid 
degradation is observed with the activated PMS, removing 99% TC 
within 10 min. Pseudo-first-order kinetics equation of different system 
were fit to determine the kinetic constant of the TC degradation and 
exhibited in Fig. 3b. The k value of Co@N-C /PMS system was 0.55 
min− 1, larger than that of PMS and only Co@N-C system, demonstrating 
the ultrafast catalytic efficiencies of the catalyst/PMS system. 

3.3. Separation performance and permeability of CM 

With regards to the membrane technology to treat wastewater, it is 
significant to examine the separation performance and the permeability, 
which determine the cleaning efficiency of the wastewater [38]. For the 
mixed matrix CM, we should determine the effect of the addition of the 
mixed Co@N-C particles. Therefore, we carried out experiments to 
examine the effect of different amount of Co@N-C on the CM. Fig. S3 
shows the SEM images of the membranes cross-section with different 
Co@N-C content. It is clearly observed that there is an asymmetric 
structure in the cross-sectional SEM images. Between the dense top layer 
and the cell pores bottom support, the sublayer with finger-like pores 
made the membrane flux larger. The SEM images showed that PVDF 
membranes loaded with Co@N-C particles have longer finger-like pores, 
with thinner cell-like bottom support. As Co@N-C introduced, the vis
cosity of casting solution increased. As a result, the elongation of finger- 
like channels and the enlargement of visible pores on surface are ob
tained. And the surface pores are larger and denser than those of PVDF 
membrane, too (Fig. S4). The hydrophilicity effect of Co@N-C could 

Fig. 1. SEM image of (a) ZIF-67 and (b) Co@N-C. (c) TEM image and (c) HRTEM image of Co@N-C. (e) Element mapping of C, Co, N and O for Co@N-C.  
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Fig. 2. (a) XRD patterns of Co@N-C. (b) N2 adsorption-desorption isotherms and (c) homologous pore size distribution of Co@N-C. (d) XPS map and (e) the high- 
resolution C 1s XPS spectra, (f) N 1s XPS spectra, (g) O 1s XPS spectra and (h) Co 2p XPS spectra of Co@N-C. 
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increase the exchange phase-inversion, making the membrane have a 
higher porosity (Fig. 4a) [39,40]. But when the Co@N-C content is 
greater than 3 wt%, the viscosity of the casting solution is higher, 
reducing the porosity of the membrane [41]. According to pore size 
distribution on the surface, we could get the average pore size and size 
distribution (Table S2). The average surface pore size of PVDF/Co@N- 
C3 membrane was bigger than those of others. The water flux of 
PVDF/Co@N-C3 (636.0 L⋅m− 2⋅h− 2) is larger than that of PVDF/Co@N- 
C5 (389.5 L⋅m− 2⋅h− 2) on account of a large number of Co@N-C particles, 
with a little decrease of HA rejection (from 97.53% to 96.44%). In 
addition, the introduction of carbon materials also brings improvement 
in hydrophilicity, the water contact angle decreasing from 112◦ to 55◦

(Fig. S5). Furthermore, FT-IR spectra of the PVDF and PVDF/Co@N-C 
membrane were added (Fig. S6). It could be seen that there is no dif
ference in the peaks between the membranes. The particles of the mixed 
matrix membrane are embedded in the pores of the film, and no obvious 
change after adding particles can be seen by the FI-IR spectra. 

3.4. Catalytic performance of CM 

The CM, integrating AOP and membrane process, also performs 
excellent catalytic activity. Fig. 5 presents the removal of TC in different 
systems with and without PMS addition. About 60% TC was removed in 
60 min for the membrane in the absence of PMS. And the removal ratio 
was not much different between PVDF membrane with and without 
Co@N-C. We could infer that the adsorption of the membrane is the 
remove of TC is the main reason for the removal of TC. With the exis
tence of PMS, there was an increase in the removal of TC for PVDF 

membranes, indicating that the PMS self-decomposition has a contri
bution to the TC degradation. The increase in catalytic performance was 
mainly due to the existence of a large number of finger-like pores, which 
could enhance mass transfer of target organic matters and reactive ox
ygen species. With the instantaneous degradation of organic contami
nant, the TC removal efficiency of PVDF/Co@N-C catalytic membranes 
increased and over 90% removal of TC was achieved in 60 min. As the 
content of Co@N-C increases, the removal efficiency of TC for PVDF/ 
Co@N-C membranes was enhanced. No matter the PVDF/Co@N-C3 or 
the PVDF/Co@N-C5 UF membranes, the removal of TC was all up to 
99% within 40 min, though the initial TC removal rate of the membranes 
with more Co@N-C was higher, obviously. And the total organic carbon 
(TOC) removal of TC solution was tested to be 12.5% (shown in Fig. S7). 

The optimizations of different parameters are depicted in Fig. 6. The 
effect of the PMS dosage on the TC degradation was presented in Fig. 6a. 
TC removal ratio was increased with increasing the PMS dosage. And 
when excessive PMS dosage was added to the reaction system, no sig
nificant improvement was observed. The possible reason is that SO4•−

would self-quench under the excessive conditions [42], thus the final 
degradation efficiency was almost same when the PMS dosage is more 
than 1.5 mM. Hence, 1.5 mM PMS was selected to further experiment. 

The effect of the TC concentration on its degradation was shown in 
Fig. 6b. The TC removal efficiency was reduced as the concentration of 
pollutants increases. When the TC concentration was 10 or 20 mg⋅L− 1, 
almost 99% of the TC could be degraded eventually. However, when the 
pollution concentration reached 30 mg⋅L− 1, the final removal rate 
decreased to 90%. These results demonstrated that the CM still pre
sented excellent degradation efficiency at a higher TC concentration of 

Fig. 3. (a) Degradation effect and (b) Pseudo-first order kinetic modeling of different system for TC. Reaction conditions: TC: 20 ppm, catalyst dosage: 0.02 g⋅L− 1, 
PMS dosage: 1.0 mM, T = 25 ◦C and pH = 7.0. 

Fig. 4. Permeability of CM under various amount of mixed Co@N-C. (a) Pure water flux and porosity and (b) HA permeate flux and HA rejection.  
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Fig. 5. (a) Effects of different system on TC removal. (b) Effects of different PVDF/Co@N-C membrane on TC removal with PMS. Reaction conditions: TC: 20 ppm, 
PMS dosage: 1.5 mM, T = 25 ◦C and initial pH = 7.0. 

Fig. 6. Effect of different CM operation conditions. (a) PMS dosage; (b)TC concentration; (c) temperature; (d) pH value. PMS dosage: 1.5 mM, Co@N-C content: 3%, 
TC: 20 ppm. 
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20 mg⋅L− 1. The effect of the temperature on the degradation was pre
sented in Fig. 6c. Several researchers have found that higher tempera
ture significantly accelerated the breaking of the -O-O- bond in PMS, 
accelerating the generation of the active free radicals [6]. As a result, the 
TC degradation rate was greatly increased under high temperature. The 
removal efficiency of TC was up to 99% in 15 min under 45 ◦C. Fig. 6d 
displays the effect of initial pH on TC removal in the PVDF/Co@N-C3/ 
PMS system. Before degradation reaction, the TC solution was stirred for 
30 min to investigate the hydrolysis of TC. The result (Fig. S8) showed 
that TC would remain stable under acidic conditions, while TC would be 
hydrolyzed under alkaline conditions. The hydrolysis rate at pH = 11, 
76% TC rapidly hydrolyzed in 5 min, is about the same as that at pH = 9. 
The removal efficiency of TC was obviously constrained under acidic 
conditions. The formation of CoOH+, the key intermediate for PMS 
activation to product reactive radicals, was inhibited under acidic con
ditions, resulting in a decreased of the degradation efficiency [43]. 
There is little difference in the catalytic degradation rate under neutral 
and weakly alkaline conditions, so the catalytic oxidation efficiency of 
the membrane for TC at pH = 7 is better than that at weakly alkaline 
conditions. As for the strong alkaline conditions, because excessive OH−

in solution was beneficial to donate electrons compared with H2O, PMS 
activation could be facilitated [44,45]. Although the hydrolysis degree 
of TC under alkaline conditions is about the same, an enhanced degra
dation performance also occurred at pH = 11. 

3.5. Stability, recyclability and antifouling performance of CM 

To better demonstrate the superiorities of the CM in practical oper
ation, experiments were carried out to test the performance of CM. 
Fig. 7a showed the excellent stability of the CM, removing above 99% of 
the TC in the first cycle. In the subsequent experiments, the degradation 
efficiency of TC decreased slightly, above 90% of TC still could be 
removed within 60 min in 5th cycle, which reveals the good stability of 
the CM. The decent stability of the CM not only comes from the stability 
of the Co@N-C catalyst, but because the catalysts can be adhered to the 
membrane channels, making the catalysts difficult to lose. 

As Fig. 7b shown, the antifouling performance of the PVDF mem
brane and PVDF/Co@N-C3 catalytic membrane was studied by 
comparing the membrane flux recoveries after PMS cleaning. Compared 
with that of pure water, the normalized HA solution flux of PVDF 
membrane and CM decline significantly, indicating that serious mem
brane fouling was caused by the blockage of pores deposited by pol
lutants. In the membrane operation, the reversible fouling can be easily 
removed and the irreversible fouling is tightly attached to the membrane 
surface and channels, which is robust to remove [46]. Obviously, after 
the intermittent cleaning process with PMS, the CM had a higher value 

of FRR (85.3%) in the first cycle than that of PVDF membrane (43.1%). 
After 3 consecutive cycles, the FRR of CM is still larger than 70%, 
proving that CM has good long-term antifouling performance. Based on 
the antifouling experimental, we could surmise that the strongly bound 
foulant were effectively degraded by the free radical that generated by 
the PMS activation. 

3.6. Evaluation of metal leaching property 

For cobalt-based catalysts, the leaching of cobalt ions would cause 
the secondary pollution issue, toxic and carcinogenic. The degradation 
performance of CM via PMS activation and the leaching of ions were 
compared with other Co-based catalyst (shown in Table S3). As seen, 
PVDF/Co@N-C membrane showed better catalytic performance than 
most of reported cobalt-based catalysts. And the Co leaching of the CM is 
0.07 mg⋅L− 1, better than most of supported Co-based catalysts. We could 
prove that the composite membrane and the carbon shell were favorable 
for the declining of metal ions leaching. 

3.7. Quenching experiments 

Since PMS activation can generate the radical and nonradical, the 
useful pathways in the degradation processes should be identified. We 
could use several scavengers to get the dominant ROS in the further 
quenching experiments. Methanol (MeOH) could be employed to scav
enge SO4•− and •OH, because it could react to the radicals with high rate 
(kSO4•− = 1 × 107 M− 1 s− 1, k•OH = 9.7 × 109 M− 1 s− 1) [17]. While tert- 
butyl alcohol (TBA) only could be used to quench •OH, because it has a 
good reactivity with •OH (k•OH = 6 × 108 M− 1 s− 1) [47]. Furthermore, p- 
benzoquinone (p-BQ) was employed to scavenge O2•− with the reaction 
rate constant of k = 1.0 × 109 M− 1 s− 1 [48]. The quenching experiments 
adding different concentrate gradient scavenger was to get the main 
ROS. When amount of MeOH and TBA increased from 500 mM to 2000 
mM, 65%, 85% removed TC were reduced to 55% and 80% within 60 
min, respectively. About 75% of removal efficiency was retained with 2 
mM p-BQ, and 70% TC was removed with 10 mM p-BQ added. It was 
demonstrated that SO4•− was the dominant free radical. For the non
radical species, 1O2 was generally considered to be scavenged by FFA (k 
= 3.2 × 107 M− 1 s− 1) [49]. Approximately 70% of TC was removed 
within 60 min with the addition of 2 mM FFA. When the FFA was 
increased to 10 mM, only 33% TC was removed. The electron-transfer 
between PMS and carbon materials has been also regarded as an alter
native pathway to active PMS without radicals [46,50]. Yun. et al. 
demonstrated that the carbon nanotube (CNT)-mediated electron 
transfer from contaminants to PMS played major role for the degrada
tion of contaminants [51]. In order to examine the electron transfer 

Fig. 7. (a) Stability of CM for TC removal efficiency after five cycles. (b) Anti-fouling performance of the different membranes after backwash process.  
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pathway of PVDF/Co@N-C/PMS system, we investigated the reaction 
between membrane and PMS. PMS was added to the membrane system, 
and TC was added after some minutes. As shown in Fig. 8h, the removal 
efficiency of TC was reduced after membrane operation only with PMS. 
If the electron transfer between TC and PMS was the main pathway, the 
pre-reaction would not have a signification impact on the removal ef
ficiency [47]. the decreasing efficiency shown that Co@N-C would 
activate PMS to generate 1O2, which could be continuously consumed. 
The results further confirmed that 1O2 dominated the non-radical 
pathway. Besides, it's confirmed that the doping nitrogen in carbon, 
improving the conductivity, is beneficial to generate 1O2, compared with 
the CNT/PMS system [36]. EPR spectra in Co@N-C/PMS system using 
DMPO for SO4•− , •OH and O2•− and TEMP for 1O2 were shown in 
Fig. 8d–f. we could propose that SO4•− , •OH, O2•− and 1O2 were all 
produced in the CM/PMS system. 

In general, the quenching experiments and EPR spectra suggested 
that the PVDF/Co@N-C/PMS activates PMS through two paths. The 
PMS accept an electron from catalyst to generate sulfate radicals (SO4•− ) 
or hydroxyl radicals (•OH) in the free radical pathway. In the nonradical 
pathway, the electron-transfer process happens on carbon shell surface, 
and singlet oxygen (1O2) is the dominant one. What's more, it could be 
detected that the nonradical degradation was the main pathway to 
degrade TC in the CM/PMS system. 

3.8. Catalytic reaction mechanism and pathway 

Based on the previous discussion, WE could get the contribution of 
free radicals and non-radicals to the process of Co@N-C activation of 
PMS. Some previous studies have proved that the different nitrogen 
doped in carbon are favorable for the absorption of different substance. 
Graphitic N with high electronegativity could facilitate the adsorption of 
negatively charged HSO5

− [52]. And pyrrolic N could capture organic 
pollutants to react with radicals rapidly [36]. Besides, the membrane 
pore could further concentrate the pollutants and oxidative radicals to 
enhance the catalytic efficiency. 

The possible catalytic mechanisms of Co@N-C were investigate 
through XPS spectra of Co@N-C before and after reaction. For Co 2p XPS 
spectrum, the proportion of zero-valent cobalt decreased from 91.27% 
to 5.66%, implying Co0 was almost completely transformed into Co2+

(Fig. 9a). Meanwhile the peak of Co3+ appeared, and the relative content 
of Co2+/Co3+ after reaction was 57.62%:36.71%, indicating the exis
tence of the redox cycle. For N 1s, the peak of graphitic N disappeared, 
and the peak of oxidized N appeared after the reaction (Fig. 9b). The 
content of pyrrolic N increased from 36.40% to 59.43%, while that of 
pyridinic N decreased from 48.47% to 21.95%, relatively. The change of 
relative content of different N states indicated that N species played an 
important role during the PMS activation. 

The zero-valent cobalt could directly active PMS to accelerate the 
generation of radicals, releasing Co2+ (Eq. (6)). Co2+ reacted with PMS 
and SO4

⋅- was generated (Eq. (7)). And Co3+ could react with PMS to 
generate Co2+ to accomplish the periodic cycle of Co2+/Co3+. What's 
more, the core–shell structure and membrane pores made that Co3+ was 
deposited with Co0 to further obtain sufficient Co2+ (Eqs. (8) and (9)). 
SO4•− in aqueous solution would react with H2O/OH− to generate 
amount of •OH (Eq. (10)). In addition, the π-electrons from the sp2 C 
could be activated by the lone-pair electrons of the doping N [36]. The N 
doped carbon shell was favor to enhance the catalytic activity to stim
ulate PMS (Eq. (11)). Electron transfer is an important reason for the 
formation process of O2•− . The reaction happened between •OH and 
H2O2 which were intermediates in the PMS activation process to 
generate perhydroxyl radicals (HO2•) (Eqs. (12) and (13)). Then HO2•

decomposed to generate radical O2•− (Eq. (14)). PMS anion radicals 
(SO5•− ) were produced by the reduction of Co3+ (Eq. (8)). And then 
SO5•− could be further combined to form SO4

2− ions, and meanwhile 
produce 1O2 (Eq. (15)). Moreover, O2•− could also interact with •OH to 
generate 1O2 (Eqs. (16) and (17)) [17]. 

Co0 + 2HSO−
5 →Co2+ + 2SO∙−

4 + 2∙OH (6)  

Co2+ +HSO−
5 →Co3+ + SO∙−

4 +OH− (7)  

Co3+ +HSO−
5 →Co2+ + SO∙−

5 +H+ (8)  

Co0 + 2Co3+→3Co2+ (9)  

SO.−
4 +H2O

/
OH − →SO2−

4 + ⋅OH (10)  

HSO−
5 + e− →SO∙−

4 + ∙OH (11)  

HSO−
5 +H2O→H2O2 +HSO−

4 (12)  

H2O2 + ∙OH→H2O+HO∙
2 (13)  

HO∙
2→H+ +O∙−

2 (14)  

2SO∙−
5 →2SO2−

4 +1O2 (15)  

O∙−
2 + ∙OH→OH− +1O2 (16)  

2O∙−
2 + 2H2O→H2O2 + 2OH− +1O2 (17)  

ROS+ TC→intermediates+CO2 +H2O (18) 

Previous studies proved that the anions in the actual wastewater 
could react with the generated ROS, thereby affecting the catalytic ac
tivity of TC [53]. The inhibitory effect of anions is due to not only the 
complex reaction with metal ions, reducing the formation and substi
tution of intermediate products, but also the reaction with free radicals 
to generate new free radicals with lower activity. Fig. 10 shows that the 
effect of anions on the TC degradation. The degradation efficiency of TC 
displayed the order of inhibitory effect on free radicals: H2PO4

− > Cl− >

HCO3
− . The anions would quench the hydroxyl radicals and sulfate 

radicals and to produce weaker radicals, while H2PO4
− could produce 

PO4
2− in AOPs (Eqs. (19)–(23)) [54–56]. However, the initial high 

degradation rate in the initial reaction may be due to the alkalinity of the 
solution with bicarbonate anion. 

Cl− + ∙OH
/
SO.−

4 →SO2−4
/
Cl∙

/
HClO (19)  

Cl− +Cl∙→Cl∙−2 (20)  

HCO−
3 + ∙OH→SO2−4 +CO∙−

3 (21)  

HCO−
3 + SO.−

4 →SO2−
4 +CO∙−

3 (22)  

H2PO−
4 + ∙OH

/
SO.−

4 →OH−
/
SO2−4 +PO2−4 (23) 

To better find out the possible degradation pathway of TC, LC-MS 
was carried out to analyze the intermediates of TC, integrated with 
the favorable primary degradation sites from DFT calculations. We used 
B3LYP/6-3UG (d, p) method by Gaussian to conduct geometry optimi
zation of TC, and the three-dimensional model of HOMO and LUMO 
frontier orbits could indicate the orbital ESP distribution (Fig. S9). 
Meanwhile, theoretical calculation results reveal that C–O, C––O and 
C–N of TC have higher FuKui Function and lower ESP value, which 
were preferential attacked by ROS (Table S4). Integrated with the in
termediates conducted by LC-MS analysis, the possible degradation 
pathways of TC were deduced as shown in Fig. S10. Firstly, TC is 
attacked by 1O2 and is converted into compound P1 (m/z = 453) 
through demethylation. P4 (m/z = 436), P7 (m/z = 340), P10 (m/z =
274) and P13 (m/z = 222) are generated through demethylation, dea
midation and ring-opening reactions. For second pathway, P2 (m/z =
430) and P5 (m/z = 417) are produced by N-demethylation of TC. And 
through further ring opening, P8 (m/z = 362), P11 (m/z = 318), P14 (m/ 
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Fig. 8. (a) TC removal efficiencies with MeOH, (b) TBA, (c) p-BQ, (d) FFA. (e) EPR spectra in Co@N-C/PMS system using DMPO for SO4
•− , •OH, (f) O2

•− and (g) 
TEMP for 1O2. (h) The removal efficiency of TC after reaction between PMS with PVDF/Co@N-C. 
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z = 222) are generated. In third pathway, P3 (m/z = 432) is generated 
through dehydration process. And P9 (m/z = 316), P12 (m/z = 274), 
P15 (m/z = 206) are generated through the further N-demethylation 
reaction and ring opening. Finally, the intermediates would be further 
oxidized to generate small molecular organics even mineralized CO2 and 
H2O. 

4. Conclusion 

In this paper, Co@N-C nanocatalyst was synthesized via pyrolyzing 
ZIF-67 nano-particles. Then, Co@N-C nanocatalyst was anchored in 
confined membrane pores for water instantaneous flowing decontami
nation. The PVDF/Co@C3 membrane was used to remediate wastewater 
by the combination of cross-flow filtration and catalytic oxidation. 
Contaminant and ROS were confined in the membrane pore to enhance 
mass transfer, realizing the excellent instant degradation rate. Corre
spondingly, the PVDF/Co@C3 membrane was proved to possess excel
lent catalytic oxidation ability and separation performance with water 
flux 636.0 L m− 2 h− 1. The active species of SO4•− and 1O2 played 
dominate roles in catalytic oxidation. The degradation sites were 
explored with density functional theory. Meanwhile, the PVDF/Co@C3 
membrane also possessed good cycle stability and antifouling perfor
mance. The PVDF/Co@C3/PMS system with catalyst constructed on 
pore has showed a prospective foreground for efficient wastewater 
treatment. 
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