Novel NiCo2S4/CS membranes as efficient catalysts for activating persulfate and its high activity for degradation of nimesulide
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Abstract: In recent years, sulfate radicals-based advanced oxidation process becomes an effective and common technique for elimination of emerging organic contaminants. In this study, novel NiCo2S4/CS composite was synthesized through hydrothermal method, with the physicochemical properties being characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), transmission electron microcopy (TEM), Brunauer-Emmett-Teller (BET) and Fourier Transform infrared spectroscopy (FT-IR). Then, NiCo2S4/CS composite acted as catalyst to activate PS for nimesulide degradation. The results showed that NiCo2S4/CS composite owned the highest activity compared with pure NiCo2S4 and carbon sphere (CS), achieving 92% nimesulide degradation in 10 min with 0.1 g/L catalyst and 0.4 g/L persulfate. Furthermore, the NiCo2S4/CS membrane was fabricated by vacuum filtration, and 94% and 80% above nimesulide degradation were realized for the first time and after six times repeated experiment, which demonstrated that the catalyst was convenient to achieve recovery and reusability. In addition, the radical quenching experiment, XPS and the electrochemical methods (LSV and EIS) were measured to investigate the possible mechanism pathway, the results of which showed that both the non-radical pathway and radical pathway might attribute to nimesulide degradation, while the SO4•− remained the dominant species. This research provided a novel sulfide NiCo2S4/CS membrane for the oxidative technique for emerging organic contaminants in water treatment. 
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1. Introduction
Emerging organic contaminants especially pharmaceuticals, such as antihistamine, fluoroquinolones (FQs), sulfonamides and non-steroidal anti-inflammatory drugs (NSAIDs) and so on, have been attracted lots of attention because of their harmful effects and biological toxicity. More importantly, NSAIDs have been detected from wastewater treatment plant (WWTP) effluent and receiving surface water at a concentration ranging from 0 to 70 μg/L, leading to a potential threat on public health[1]. Furthermore, diclofenac (DCF), ibuprofen (IBP), naproxen (NPX), as three most frequently reported NSAIDs in WWTP influent, has been attracted considerable researches on their degradation [2-4]. Although, there are some works on nimesulide degradation through advanced oxidative processes (AOPs), including oxidation in UV-ABC/H2O2 system and photo-Fenton process, the relevant research on nimesulide degradation in PS activation system is relatively few to our best knowledge [5, 6]. Considering the more energy consumption of UV with the systems mentioned above, we built up a kind of sulfate radical-based advanced oxidation process (SR-AOPs) for Nim elimination [7]. 
Sulfate radical-based advanced oxidation processes (SR-AOPs) have been drawn a lot of attention in recent years because of their strong oxidation performance and ease of adaptability for the degradation of emerging contaminants. There are varieties of activation methods for PS and PMS, containing directly energy activation (such as heating, ultrasonic, UV irradiation and so on), transition metal ions, metal oxide，carbonaceous-based materials and others [8, 9]. However, some inevitable disadvantages need to solve, including the energy consumption, chemical inputs in homogenous system of transition metal ions and metal oxide, also the poor stability of carbonaceous-based materials [10, 11]. In order to produce mutual improvement for each other, the combination of transition metal contained catalyst and carbonaceous-based material was built up, so as to avoid the disadvantages stated above as possible. As for the research on carbonaceous-based materials, the r-GO, mesoporous carbon (CMK), carbon nanotube (CNT), g-C3N4, nanodiamond and carbon sphere (CS) has been used to activate PS or PMS [12-16]. To our best knowledge, there are more reported researches on CS for PMS activation while less for PS. As for the transition metal contained catalyst, metal oxides (or multi-metal oxides) have attracted more attention with their high oxidative capacity and good stability [17-19]. However, multi-metal transition metal sulfides (especially Ni–Co sulfides) has wide application in electronic devices, such as lithium ion batteries [20] and supercapacitors [21] due to their lower electronegativity and higher conductivity [22], their potential in AOPs for organic pollutant treatment is less reported. Therefore, the novel NiCo2S4/CS composite was fabricated and acted as catalyst to activate PS.
Considering the membrane technologies have been widely used in the water treatment industry and the great superiorities the membrane owned, such as convenience of recovery and ease of operation, the NiCo2S4/CS membrane was fabricated by filtration method. It is reported that the mechanism pathway of carbon-based SR-AOPs mainly caused by the enhancement of electron transfer, resulting in non-radical pathway and radical pathway [23, 24]. Furthermore, various carbonaceous-based materials might own different active sites, for instance, the C=O group was proposed as active sites in CS carbocatalytic PMS activation in Wang’s research while C-OH group was speculated as the active sites in mesoporous carbon for PS activation in Tang’s study, and the graphitic carbon for biochar on PS activation [11, 14, 23]. In addition, the research on sulfur-containing metal catalyst for SR-AOPs reported that not only the oxidative capacity of metal ions but the high reducibility of sulfur in low coordination attributed to the highly catalytic activity [25, 26]. Therefore, the mechanism of NiCo2S4/CS-based PS activation on Nim degradation remains blurred and needs to be further discussed.
Herein, the NiCo2S4/CS composite was successfully synthesized, which was further proved by the XRD, SEM and TEM. Then, the NiCo2S4/CS membrane was fabricated by filtration method, the high oxidative performance of PS activation was investigated on Nim degradation. And the relatively better stability the NiCo2S4/CS showed when compared with some pure carbonaceous-based material, indicating good reusability of NiCo2S4/CS membrane fabricated in this study. Finally, the possible mechanism pathway was speculated based on the result of radical quenching experiment, XPS before and after reaction and the electrochemical analysis. 
2. Method and material
2.1. Chemicals
Glucose, Ni(NO3)2•6H2O, Co (NO3)2•6H2O, Na2S·9H2O, hexamethylenetetramine, potassium persulfate (K2S2O8), and absolute ethanol (C2H5OH) were obtained from Kermel Chemical Reagent Co. Ltd (Tianjin, China). Tert-Butanol (C4H10O (TBA)), dimethylformamide (DMF) and polyethylene glycol 200 (PEG 200) were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). In addition, nimesulide (Nim, HPLC>98%) was obtained from Aladdin Chemistry Co. Ltd (Shanghai, China). All the chemicals above were directly used when received without further purification. In addition, deionized (DI) water was used throughout this experiment.
2.2. Fabrication of NiCo2S4/CS composite
The novel NiCo2S4/CS composite was synthesized through a hydrothermal method [27]. Typically, 3 mmol Ni(NO3)2•6H2O, 6 mmol Co (NO3)2•6H2O and 13.2 mmol hexamethylenetetramine was added into 30 mL deionized water and 15 mL ethanol, with mixed solution being stirred vigorously for 15 min. Then, the mixture was transferred into an autoclave kept at 80℃ for 6h for the first hydrothermal treatment, leading to the fabrication of Ni-Co precursor. Subsequently, 20 mL prepared suspension containing 0.35 g carbon sphere (showed in Text S1) and 1.0 g Na2S·9H2O was dispersed into Ni-Co precursor suspension under vigorously stirring at room temperature for 30 min. Finally, the mixture was poured into a Teflon-lined stainless-steel autoclave for the second hydrothermal, sealed and kept at 160 °C for 8 hours. The collected products was washed with deionized water and absolute ethanol for several times and then dried in a vacuum oven at 60 °C. In addition, bare NiCo2S4 were also prepared with the absence of CS.
2.3. Fabrication of NiCo2S4/CS membrane
The NiCo2S4/CS membrane was prepared through vacuum filtration method in a glass sand filter bottle (displayed in Fig.S1). In a typical preparation, 0.07 g obtained NiCo2S4/CS composite was poured into 5 ml capped glass bottle, with 2 mL DMF and 1.5 mL PEG 200 being added. Subsequently, the mixed solution was sonicated for 5 min and vigorously stirring at room temperature for 12 hours above. Finally, the obtained suspension was formed into membrane by vacuum filtration through an organic filter membrane (0.22μm pore size) with different volumes (0.5, 1.0, 1.5 and 2.0 mL) of mixed solution, then washed with deionized water and absolute ethanol for several times.
2.4. Characterizations

D/max-2004 Advance X-ray diffractometer (XRD, Bruker, Germany) was measured from 10 to 90 under Cu kα radiation (λ=0.15418 nm). Then, JEM-2100 transmission electron microscopy (TEM) and JSM-6701F scanning electron microscopy (SEM) with energy dispersive X-ray (EDS) and Element mapping images attached were used to investigate the morphology, structure and component elements of samples. Also, X-ray photoelectron spectra (XPS, Kratos AXIS Ultra DLD) was applied to characterize the chemical state of elements on the surface of composite. In addition, Brunauer-Emmett-Teller (BET) surface area of the sample was mesured by N2 adsorption-desorption method at 77 K on the ASAP 2010 instrument (Micromeritics, USA). The chemical nature was detected by a NEXUS 670 Fourier Transform infrared spectroscopy (FT-IR). Also, the ion leaching was measured by ICP-aes. Finally, the electrochemical properties (LSV and EIS) were measured on a CHI660E electrochemical workstation in a traditional three electrode configuration (showed in Text S2).
2.5. Catalytic activity tests

Nim was used as a model compound for organic contaminant degradation reaction. In a typical run, degradation tests were conducted in conical flasks (150 mL) planted in a constant temperature shaker (180 rpm and 25 °C), with 50 mL Nim solution (5 mg·L−1), 20 mg PS or 5 mg catalyst being added. At a certain interval, 4 mL samples were taken and filtered with 0.22 μm filter. Then, the concentration of Nim was measured in a UV-vis spectrophotometer (Persee-T6, Beijing) at the characteristic band of 390 nm. In order to investigate the reactive radicals, the radical scavenger calibrated by molar ratio of EtOH/PS and TBA/PS (400:1) was added. The experiments stated above were carried out for duplication, and the average values with the error bar were illustrated in corresponding figures. 
The process of Nim degradation was fitted the following pseudo-firstorder kinetic model (Eq. (1)) [28]:
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Where C0 and C (mg/L) are Nim concentration at reaction time of t=0 and t, and kobs (min−1) is the observed pseudo-first-order rate constant.

As for the Nim degradation through NiCo2S4/CS membrane, 20 mg PS was added into 50 mL Nim solution, with stirring for 3 min to ensure that the PS dissolved completely. Then, the mixture was pour into a glass sand filter bottle which loading a prepared NiCo2S4/CS membrane under the vacuum filtration. Finally, the degradation experiment was repeated for six times and the membrane was regenerated by simple ethanol washing without any further treatment for each repeated time.
3. Result and discussion

3.1. Characterization of catalysts

3.1.1. XRD analysis
To verify the crystal structures of the as-prepared samples, the X-ray diffraction patterns (XRD) of CS, NiCo2S4 and NiCo2S4/CS are presented in Fig.1. From XRD pattern of pristine CS, there is almost no evident peak being observed except for a broad diffraction peak at around 20°, which prove the CS owned an amorphous structure. As for pure NiCo2S4, the diffraction peaks at around 31.5◦, 38◦, 50.2◦ and 55.3◦ can be corresponded to the (311), (400), (511), and (440) planes of the standard spectrum of cubic-phase NiCo2S4 (JCPDS Card No. 20-0782) [29]. The phase information of as-synthesized NiCo2S4/CS nanocomposite is also illustrated in Fig 1, it can be seen that all the peaks observed in pure NiCo2S4 displays in the XRD pattern of NiCo2S4/CS composite, and there is a new well-defined peak at 26.5◦ can be indexed to (220) plane. All the distinguishing peaks presented above can be well consistent with standard spectrum of cubic-phase NiCo2S4 without any collateral peaks, which demonstrated that the prepared sample possesses high purity. There is almost no obvious difference between pure NiCo2S4 and NiCo2S4/CS nanocomposite, which can be attributed to the amorphous structure of CS with poor crystallinity. 

3.1.2. SEM, EDS and Element mapping analysis
The morphological information and the surface elements of as-prepared samples were revealed by SEM, EDS and Element mapping, the results of which were presented in Fig.2. For comparison, the SEM images of pure CS and NiCo2S4 were tested. As the Fig.2a showed, the surface of CS is glossy and the average diameter is 500-600nm around. Furthermore, it can be seen clearly that the NiCo2S4 (Fig.2b) owned a porous morphology made up of nanosheets, which are interconnected with each other. When the NiCo2S4 combined with the CS, the glossy sphere of CS and the nanosheets of NiCo2S4 can significantly appeared in the SEM image of NiCo2S4/CS (Fig.2c) , which could preliminary proved that the NiCo2S4/CS nanocomposite was successfully fabricated. In order to investigate the component of elements in NiCo2S4/CS nanocomposite, the EDS and Element mapping were given and the result were illustrated in Fig.2(d-e). It demonstrated that there were five elements (C, S, Co, Ni and O with the weight percentage of 44.2%, 14.3%, 18.2%, 11.8% and 11.5%, respectively) within the sample and no additional elements were directly identified in Fig.2d. Actually, the detectable O element may originate from the CS, which was confirmed that the CS owned lots of oxygen-containing functional group [30]. The homogeneous distributions of elements included in composite were revealed in Fig.2e, further proving the element component of NiCo2S4/CS nanocomposite and no impurity being detected.
3.1.3. TEM and HRTEM analysis
The TEM and HRTEM were conducted to further understand the morphologies of as-prepared NiCo2S4/CS composite with the result being displayed in Fig.3. As seen in Fig.3a, the globose CS with uniform particle size and the nanosheet referred to NiCo2S4 were clearly illustrated, which was consistent with the result of SEM images. Meanwhile, the presence of NiCo2S4 nanoparticles on NiCo2S4/CS composite was also confirmed by the 0.17nm and 0.28nm lattice fringe, which are attributed to the (440) plane and (311) plane of NiCo2S4, demonstrating the consistent result of XRD [31]. Combining the analysis of XRD, SEM and EDS, the results indicated that the chemical and structure of CS is maintained well after loading NiCo2S4. Therefore, the results manifest the successful preparation of NiCo2S4/CS nanocomposite.
3.1.4. BET analysis
 The specific surface area and pore structure of the NiCo2S4/CS nanocomposite were measured through Brunauer-Emmett-Teller (BET), and the nitrogen adsorption-desorption isotherms of prepared samples were displayed in Fig.4. Both the pure NiCo2S4 and NiCo2S4/CS composite showed a type Ⅳ feature with a H3 hysteresis loop, indicating the mesoporous structure of samples. In addition, the NiCo2S4 owned a specific surface area of 8.4 m2/g and a pore volume of 0.03 cm3/g. After combining with CS, the NiCo2S4/CS composite showed a larger specific surface area and a bigger pore volume, which increased to 24.7 m2/g and 0.08 cm3/g, respectively. The enhancement of characteristics the NiCo2S4/CS composite presented not only accelerate transfer process, but also contribute to expose more active sites for surface catalytic reactions [12].
3.1.5 FT-IR analysis
In order to further understand the structure of NiCo2S4/CS composite and confirm the formation of composite, the FTIR spectrum of pure CS and NiCo2S4/CS composite at frequency range from 400 to 4000 cm-1 was illustrated in Fig. 5. As seen in Fig.5, both samples owned the peaks at 3411, 2936, 1617 and 798 cm-1, which were attributed to stretching vibrations C-H, O-H, C-C and the aromatic C-H out of plane bending vibrations, respectively [30]. In addition, the peak in the region of 1000 to 1500 cm-1 always assign to C-O stretching vibration, the O-H bending vibrations or the stretching vibrations of COOH [32]. Compared with NiCo2S4/CS composite, pure CS owned the stretching vibration of C=O giving rise to the adsorption peak at 1071 cm-1, which disappeared after formation of composite. As for the NiCo2S4/CS composite, the new band at 619 cm-1 was corresponded to the stretching vibration of Ni-S [33]. The result showed here was consistent with the following XPS analysis of C element in fresh NiCo2S4/CS composite, which further prove the successful fabrication of fresh NiCo2S4/CS composite.
3.2. Nim degradation in different PS activation system
In order to investigate the catalytic performance, Nimesulide, acted as a targeted contaminant, was degraded through obtained catalysts being used in PS activation system, with the result being displayed in Fig.6. As the Fig.6 seen, only 20% of Nim was degraded when treated by pure PS, indicating the limited oxidation capacity for PS itself without activation. For comparison, the corresponding adsorption experiments were conducted, with the degradation efficiency of CS, NiCo2S4 and NiCo2S4/CS being tested as 29%, 16% and 16%, respectively. Actually, CS presented the higher adsorption capacity when throw a comparison to NiCo2S4 and NiCo2S4/CS, which may ascribed to that nanocarbons  usually have a larger specific surface area and some functional groups. Then, the Nim removal in as-prepared catalysts for PS activation was measured, with the result showing that the addition of CS, NiCo2S4 and NiCo2S4/CS catalysts presented different degrees of catalytic activities in PS activation. In detail, the NiCo2S4 exhibited the higher catalytic performance than CS, which reflected in that there is a dramatic increase for Nim degradation when treating with the NiCo2S4 (84%) while 33% of Nim removal for CS. Generally, the NiCo2S4/CS nanocomposite showed its superior catalytic performance, 92% of Nim degradation was achieved when a small amount of catalyst was added. In order to further confirm the synergistic combination of CS and NiCo2S4, the persulfate activation efficiency of physical mixtures consisting of NiCo2S4 and CS at different ratio was measured, and the result was displayed in Fig. S2. As the figure showed, the composite NiCo2S4/CS owned higher persulfate activation efficiency than physical mixtures concluding NiCo2S4 and CS when the same mass catalyst being added, which further prove the highest PS activation capacity the NiCo2S4/CS composite owned. Compared with the pure NiCo2S4, the higher catalytic performance the NiCo2S4/CS nanocomposite showed may contributed to ⅰ) the introduction of nanocarbon increases the specific surface area of the samples (illustrated in Fig.4), leading to the increase of active sites; ⅱ)  nanocarbon may enhance the electron transfer among catalyst, PS and pollutants [34].
3.3 Effect of natural water constituents

To evaluate the effect of added anions and natural organic matter (NOM) on the efficiency of degradation of Nim, the common anions and Nom in water, such as Cl-, NO3-, HCO3-, fulvic acid (FA) and humic acid (HA), were added during reaction, with the result being presented in Fig.7. With 8% and 47% Nim degradation being reduced compared with the control one, it is obvious to find the inhibition role of Cl- and HCO3-, which may attributed to that Cl- and HCO3- can react with SO4•-, producing less effective Cl• and CO3• (Eq. (2) and (3)) [35，36]. In addition, the Nim elimination decreased from 0.50 to 0.36 when the NO3- was added, owing to that NO3- can complexate with the catalyst [37]. Also, the FA showed the negative impact for Nim degradation. This finding might be attributed to that SO4•- and •OH incline to react with some functional groups of fulvic acid (FA) [38]. However，the humic acid (HA) promote the Nim elimination, which exceeded the value of 15%. The Similar results in the promotion role of humic acid at low dosage of humic acid were also reported in paracetamol (APAP) degradation with magnetic CoFe2O4 and MnFe2O4 active peroxymonosulfate system [39].
SO4•− + HCO3–→ SO42− + H+ +CO3•−                   (2)
SO4•− + Cl− → SO42−+Cl•                       (3)
3.4. Reusability of NiCo2S4/CS
3.4.1. Nim degradation in PS activated by NiCo2S4/CS membrane
Considering the reusability and the bigger particle diameter of NiCo2S4/CS (showed in Fig.2c), the NiCo2S4/CS membrane was fabricated by vacuum filtration of the as-prepared mixed solution (consist of NiCo2S4/CS composite, PEG-200 and DMF) through an organic filter membrane (0.22μm pore size). In order to realize the considerable degradation efficiency of Nim, the membranes were fabricated with different volume of mixed solution (varied from 0.5 to 2.0mL), and the characteristic of prepared membrane was illustrated in Table S1. As the Fig.8a seen, when NiCo2S4/CS composite formed into membrane, the adsorption capacity of which become higher. In addition, as the used volume of mixed solution increased from 0.5 to 2.0mL the degradation efficiency increased from 29% to 94%, which may attribute to the more Loading amount of catalyst and the smaller membrane flux (showed in Table S2). Actually, there was a slight increase on Nim degradation when the more volume of mixed solution been added again. Therefore, the membrane fabricated with 2.0mL of mixed solution was used as the optimal film for the subsequent experiments. The UV–vis spectra of Nim degradation with optical membrane was displayed in Fig.8b, from which seen that the peak of adsorption (without PS) kept the same with original spectrum. Furthermore, compared with the original solution contained Nim and the solution after adsorption, the Nim was completely decolorized (showed in the digital picture of Fig.8b), indicating the oxidative decomposition of Nim.
3.4.2. Repeated experiment of Nim degradation in PS activated by optimal membrane 
Because of the successful formation of NiCo2S4/CS membrane making the catalyst prepared in this study be convenient to achieve completely recovery, the stability of catalyst became another important characteristic needed to be investigated. Therefore, the repeated experiment of Nim degradation in PS activated NiCo2S4/CS membrane was conducted for six times, and the result being illustrated in Fig.9a. Although, there was an obvious decrease on Nim elimination after four times, the Nim degradation kept considerable rate (80% above) after six times, indicating the better stability when compared with some pure carbonaceous-based material (illustrated in Table S2). The deactivation of NiCo2S4/CS membrane might be mainly caused by the altered surface chemistry (further discussed below) before and after reaction. In addition, metal ion leaching might be another possible reason for the passivation of NiCo2S4/CS membrane, the metal ion leaching during the repeated time was measured the result was showed in Fig.9c. In order to further understand the microstructure after reaction, the SEM image of NiCo2S4/CS after six times repeated experiment was displayed in Fig.9b. The nanosheets interconnecting with each other and glossy sphere can be clearly observed, indicating no significant difference on morphology between fresh NiCo2S4/CS composite and the used one.
3.5. Mechanism analysis
3.5.1. Free radical analysis

Previous literatures revealed that the degradation of organic pollutants was generally free radical mechanism in PS activated by metal sulfide [25, 40], and the reactive oxygen species (ROS) were usually SO4•− and •OH. Therefore, the ethanol (EtOH) and tert-butyl-alcohol (TBA) were selected as radical scavengers due to their different reaction rate with the corresponding radicals. Typically,  EtOH have a reaction rate of（1.2-2.8）x109 with •OH and a rate of (1.6-7.7) x 107 with SO4•−, demonstrating that the reaction rate constant of EtOH with HO• is approximately 50-fold higher than that with SO4•−. As for TBA, the reaction rate with •OH is 1000-fold higher than that of SO4•−, for quenching •OH with a high rate constant of (3.8-7.6) x 108, but quenching SO4•− with a much lower rate constant of （4-9.1）x 105. Therefore, EtOH is a scavenger of both SO4•− and •OH, while TBA was generally selected as a radical scavenger for •OH [41]. As the Fig.10a seen, it is clearly observed that there was a significant discrepancy in Nim degradation between system without scavenger and with TBA or EtOH being added, which were measured as 92%, 83% and 59%, respectively. According to previous study, the relative contribution of SO4•− and •OH can be calculated by kobs value [37]. When the reaction rate constant without addition of is denoted as kobs, with addition of TBA is denoted as kobs-TBA, and with addition EtOH is denoted as kobs- EtOH, the corresponding contribution of different radical can be quantified according to Eq. (4) and (5), 
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The kobs, kobs-TBA and kobs- EtOH were quantified to be 0.249 min-1, 0.180 min-1 and 0.093 min-1, and the result of which was presented in Fig.10b. In addition, the corresponding kinetic curves of Nim removal in presence of different scavengers were further illustrated in Fig.10b. After calculation, the relative contribution of SO4•− was 48%, which was distinctly higher than that of •OH (measured as 28%). The result demonstrated that radicals SO4•− and •OH were proposed as reactive species for Nim oxidation in PS activation in this study, while the SO4•− played a more important role on Nim degradation. The total contributions of SO4•− and •OH is less than 100%, indicating other involvement mechanism on Nim degradation. Based on lots of literatures which proposed that the existence of non-radical pathway for organic contaminants in PS activated by noncarbon catalyst [11, 32], it might be induced that the unidentified Nim degradation might be caused by non-radical pathway contributing to the introduction of nanocarbon (CS) or the partial adsorption capacity of catalyst. Furthermore, the scavenger quenching experiment was also conducted in PS activation with pure CS and NiCo2S4, respectively, with the result of which displayed in Fig.S3. The results showed that the performance of inhabitation alcohol owned observed the tendency that NiCo2S4 (37%) > CS/ NiCo2S4 composite (33%) > CS (31%), which might further prove the non-radical pathway owing to the introduction of nanocarbon (CS). In addition, as the Fig.S4 showed, the Nim degradation decreased dramatically with the increase of (EtOH) and tert-butyl-alcohol (TBA). Although, the non-radical pathway may exist, the radical might the dominant reactive species in this system (further proved in Electrochemical analysis). 
3.5.2. XPS analysis before and after reaction of NiCo2S4/CS
Considering the microphase separation might occurred in oxidation during the catalytic activity, the more detailed elemental composition and oxidation state of the fresh and used NiCo2S4/CS composite (sample gained after six repeated times) are further characterized by X-ray photoelectron (XPS) measurements and the relevant results are illustrated in Fig.11. As the Fig.11a showed, the survey spectrum of samples before and after reaction both demonstrated the presence of Co, Ni, S, C and O elements, indicating the element component did not change. Additionally, the O element of catalyst might be derived from the oxygen-containing functional group in CS or the adsorption of amorphous O in the air. As observed in Fig.11b, both the used and fresh catalyst were best fitted with two spin-orbit doublets and two shakeup satellite (indicated as “sat.”). Typically, two strong peaks with bending energy at 778.1eV and 793.3 eV are characterized of Co3+, whereas the peaks at 781.1 eV and 797.2 eV are characterized of Co2+, indicating the existence of Co3+ and Co2+ in the as-prepared NiCo2S4/CS sample. In addition, compared with fresh NiCo2S4/CS, it is obvious to find that the percentage of Co3+ and Co2+ in the used sample were increased from 19.9% and 80.1% to 61.1% and 38.9%, which revealed the Co2+ was oxidized to Co3+ during the reaction. The Ni2p spectrum (Fig.11c) consists of two spin-orbit doublets, characteristic of Ni2+ and Ni3+, and two shakeup satellites. According to the Gaussian fitting, two major peaks at 855.1eV and 872.9eV are detected, which can be assigned to Ni 2p3/2 and Ni 2p1/2 of Ni2+, whereas two peaks with bending energy at 856.5eV and 875.9eV correspond to Ni3+. When through a comparison to NiCo2S4/CS composite before and after reaction, it is noteworthy that the Ni2+ was oxidized to Ni3+, which reflected in that the proportion of Ni3+ increased form 21.3% to 49.1%. Both the total area peaks of Co and Ni elements were decreased after reaction, which further demonstrated the oxidation happened during the catalytic process. As displayed in Fig.11d, the S2p spectrum was best fitted one shake-up satellite and three main peaks by using a Gaussian fitting method. The bending energy at 161.3eV corresponds to S 2p3/2, implying the metal-sulfur bonds [43]. In addition, the peak located at 162.4eV was attributed to S2- [23], whereas the peak with bending energy at 163.8eV might be assigned to sulphion in low coordination (indicated as “Sn2-”) [25]. Furthermore, the high intensity peak at 168.9 eV, denoted as “sat.”, is attributed to the surface sulfur species of high oxidation states, which might be caused by the absorption of oxygen in the air [44]. The high-resolution spectrum of S 2p showed that the S was mainly composed of S2- in the fresh NiCo2S4/CS nanocomposite, and the proportion of S2- to Sn2- changed from 57.0% and 14.6% to 36.2% and 33.6%, respectively, which indicated the oxidation of S2- during the reaction. Importantly, it is proposed that the oxygen species detected in NiCo2S4 of as-prepared sample is more likely attributed to adsorbed oxygen impurity rather than lattice oxygen, which is supported by the XRD spectrum (Fig.1) without any metal oxide peaks. These results showed that the chemical composition of obtained NiCo2S4/CS nanocomposite consists of Co3+-S, Co2+-S, Ni2+-S,Ni3+-S, and S2-, which are in good accord with the results of the literature for NiCo2S4 [31, 45, 46]. Based on the above analysis and the related study, it might be reasonable to proposed that due to the strong reducibility of S2-, surface bonded Co3+ and Ni3+ were reduced to Co2+ and Ni2+, respectively, meanwhile S2- itself was oxidized to Sn2- [25]. Combined with the results of Co 2p (Fig.11b) and Ni 2p (Fig.11c) spectrum before and after reaction, Co-S species, instead of Ni-S, owned stronger oxidative capacity for PS activation in this study. Therefore, one possible reason for the deactivation of prepared NiCo2S4/CS maybe attributed to the oxidation of S2-, leading to the partial reduction of Co3+ and Ni3+ being limited.
It is reported that carbonaceous based materials were usually act as catalyst for SR-AOPs, and the predominant mechanism of which is often electron conduction [8]. Previous study demonstrated that the carbonyl (C=O) and edge defects, acting as active sites, accelerated electron transfer from the catalyst to PMS, while, Lin et al. proposed that instead of C=O, C-OH were more likely to act as active sites in CMK-3 (carbon catalyst)/PS system [11, 14]. In order to figure out the mechanism of CS in obtained NiCo2S4/CS for PS activation, the high-resolution spectrum of C1s was measured by XPS and the result was displayed in Fig.11e. It was clearly seen that C1s peak of original NiCo2S4/CS could be best fitted into three peaks with bending energy at 284.6, 285.5 and 288.6eV, which were belonged to C graphite/C-C/C-H, C-OH/C-O-C and COOH, respectively [36]. It was noteworthy that the new peak with bending energy at 286.4 appeared, which belong to C=O shake-up. Furthermore, when make a comparison between the fresh NiCo2S4/CS nanocomposite and the used one, it is significant to find out the decrease of C graphite/C-C/C-H and the increase of C=O and COOH, implying the C graphite/C-C/C-H might be transformed into C=O and COOH. The obvious increase of C=O in PS activated by nanocarbon is consistent with the result of Tang et al. Therefore, it was speculated that C graphite might act as active sites of CS for NiCo2S4/CS activating PS, as they probably be also electron-donating groups. Previous study showed that compared with metal-based system, the stability of carbon-based SR-AOPs is still not good enough [10]. Therefore，based on the corresponding analysis above and previous literatures, the altered surface chemistry before and after reaction might be another reason for the passivation of NiCo2S4/CS composite.
3.5.3. Electrochemical analysis

In order to further understand the electron transfer process during this ternary system (consists of NiCo2S4/CS composite, Nim and PS), the linear sweep voltammetry (LSV) and EIS were measured in 0.5 M K2SO4 electrolyte in a standard three-electrode system, and the corresponding results were presented in Fig.12. Notably, the NiCo2S4/CS showed the earliest onset potential than pure NiCo2S4 and CS (Fig.S5), indicating the superior reaction kinetics of the NiCo2S4/CS composite-based catalyst for the Nim degradation in PS activation system. As seen in Fig.12a, compared with the original electrolyte, the current increase could be observed when the Nim or PS being added alone, which may due to the electron transfer between Nim (or PS) and the surface of NiCo2S4/CS. In addition, there was a smaller current increase when the Nim was added alone compared with the PS was added. Therefore, it was speculated that the radical pathway not the non-radical pathway attributed a lot for Nim degradation of the PS activation. However, only when PS and Nim both existed, the highest current and the most obvious oxidation peak could be observed, signifying the the importance of all parts (NiCo2S4/CS, PS and Nim) in the reaction. Furthermore, the results of EIS (Fig.12b) demonstrated the resistance realized the lowest when the existence of stated three parts, which kept the consistent with the results of LSV.
3.5.4. Possible mechanism analysis

Based on the analysis above and the corresponding literatures, the possible mechanism pathway in NiCo2S4/CS catalyst in PS activation for Nim degradation was speculated and the result was illustrated in Fig.13. Firstly, as for the NiCo2S4 part of NiCo2S4/CS composite, the Ni2+ and Co2+ acting as active sites accelerate the production of SO4•− through the breaking-up O-O bonds of PS, and itself was oxidized to Ni3+ and Co3+, respectively (Eq. (6)). In addition, a portion of SO4•− might be directly oxidized to •OH through the absorbed H2O and OH- due to the higher oxidative potential (2.5–3.1 V) of SO4•− than that of OH- (2.7 V) (Eq. 14) and (15)) [12]. Then, the formed Ni3+ and Co3+ can be reduced to Ni2+ and Co2+ due to the the strong reducibility of S2- (Eq. (5)). Considering the reduction of Co3+ and Co2+ can be realized by the oxidation of the oxidation of Fe2+ to Fe3+ and the reduction of Fe3+ to Fe2+ can be achieved by the oxidation of Ni2+ to Ni3+, it is reasonable to proposed that the reduction of Co3+ by Ni2+ was thermodynamically favorable (Eq. (8)) [48, 49]. Furthermore, Ni3+could be brought back to Ni2+ by the HSO5− which were produced through the hydrolysis of PS, and the Co3+ might be reduced to Co2+ in the same pathway, providing a good support for the next catalytic cycles (Eq. (9) and (10)) [50]. Secondly, as for the other CS part of NiCo2S4/CS composite, combining the non-radical pathway proposed in Lin et al’s research for carbon-based (mesoporous carbon (CMK-3)) PS activation system and the electron transfer between Nim and the surface of NiCo2S4/CS composite (presented in Fig.12a), it is speculated that electrons may transfer from pollutants to PS through the active sites of CS without the production of free radicals, leading to the direct decomposition of contaminant (Eq. (11)) [11]. Because of the active centers and adsorption capacity of CS, the sulfate radicals and hydroxyl radicals (•OH) might be also produced through electron transfer between adsorbed H2O and PS (Eq. (12)-(15)). Finally, the corresponding free radicals, the altered surface chemistry and the pathway of electrons transfer stated above were proved by radical quenching experiment, the results of XPS and the electrochemical analysis, respectively.
Ni2+ (Co2+) + S2O82- → Ni3+ (Co3+) + SO4•− + SO42−         (6)
2Ni3+ (Co3+) + 2S2- → 2Ni2+ (Co2+) + Sn2-                 (7)
Co3+ + Ni2+ → Co2+ + Ni3+                            (8)
H2O + S2O82- → HSO5− + HSO4−                      (9)
Ni3+ (Co3+) + HSO5− →Ni2+ (Co2+) + SO5•− + H+          (10)
Nim + S2O82- + 2e- → 2SO42- + products                (11)
2H2O + S2O82- → HO2- + 2SO42− + 3H+                 (12)
HO2- + S2O82- → SO4•− + SO42- + O2•- + H+             (13)
SO4•− + H2O → SO42- + H+ + •OH                     (14)
SO4•− + OH- → SO42- + •OH                         (15)
4. Conclusion 
In this study, novel sulfide NiCo2S4/CS composite was successfully fabricated through hydrothermal method, which was proved by XRD, SEM TEM and FTIR. Then, the as-prepared catalysts were used to activate PS for Nim degradation, the results of which showed that the activity of PS activation on Nim degradation in system was NiCo2S4/CS composite > pure NiCo2S4 > pure CS, implying the mutual promotion between NiCo2S4 and CS. 92% Nim was degraded in 10 min with a small amount of catalyst (0.1g/L) and PS (0.4g/L) being added. In addition, the particles of NiCo2S4/CS composite was formed into membrane by vacuum filtration, 94% and 81% Nim elimination was achieved for the first and the sixth repeated experiment, respectively. Furthermore, based on the results of radical quenching experiment, XPS and electrochemical analysis, the mechanism pathway was proposed and the main reasons for highly catalytic activity may attribute to following aspect:ⅰ) enhancement of electrons transfer caused by the introduction of CS, especially new appearance of the proposed non-radical pathway caused by carbon-based catalyst; ⅱ) the increase of active sites, containing Co2+-S , Ni2+-S and graphitic carbon; ⅲ) the strong reducibility of S2- may brought the oxidative metal ion to lower valence states with higher activity, promoting the next reaction cycles. 
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Figure captions

Fig. 1 The XRD patterns of CS, NiCo2S4 and NiCo2S4/CS
Fig. 2 SEM image of CS (a), NiCo2S4 (b) and NiCo2S4/CS (c), the EDS images of NiCo2S4/CS composite (d), and the Elemental mapping of C, O, S, Co, Ni in NiCo2S4/CS composite (e).

Fig. 3 TEM image of NiCo2S4/CS (a) and HRTEM images of NiCo2S4/CS (b) and (c).
Fig.4 N2 adsorption/desorption isotherm curve of the prepared NiCo2S4 and NiCo2S4/CS composite.
Fig.5 FT-IR spectra of CS and NiCo2S4/CS composite.

Fig.6 Nim degradation using persulfate activated by CS, NiCo2S4 (b) and NiCo2S4/CS (c) samples. Experimental conditions: [Nim] = 5mg/L, [PS] = 0.4 g/L, [CS] = [NiCo2S4] = NiCo2S4/CS =0.1 g/L, V=50mL, T = 25 ℃, reaction time = 10 min. 
Fig.7 Effect of natural water constituents. Experimental conditions: [Nim] = 5mg/L, [PS] = 0.4 g/L, [CS] = [NiCo2S4] = [NiCo2S4/CS] =0.06 g/L, [Cl-]=[ NO3-]=[ HCO3-]= 5mM, [FA] = [HA] = 10 mg/L, V=50mL, T = 25 ℃, reaction time = 10 min.
Fig.8 Nim degradation in PS activated by NiCo2S4/CS membranes with different thickness (a), the UV–vis spectra of Nim degradation with 2.0 NiCo2S4/CS membrane (b) and the inset is the digital picture of Nim decolorization after reaction; Experimental conditions: [Nim]0 = 5mg/L, [PS] = 0.4 g/L, V=50mL.

Fig.9 Repeated experiment of Nim degradation in PS activated by 2.0 NiCo2S4/CS membrane (a), and the SEM image of NiCo2S4/CS composite after six repeated times (b) Ion leaching of Co and Ni during the repeated time (c); Experimental conditions: [Nim] = 5 mg/L, [PS] = 0.4 g/L, V=50mL.
Fig.10 Nim degradation in PS activation system in presence of various scavengers and the inset was the corresponding degradation efficiency (a); Kinetic curves of Nim removal in presence of various scavengers (b); Experimental conditions: [Nim] = 5mg/L, [PS] = 0.4 g/L, [CS] = [NiCo2S4] = NiCo2S4/CS =0.1 g/L, V=50mL, T = 25 ℃, reaction time = 10 min.
Fig.11XPS spectra of NiCo2S4/CS nanocomposite before and after the reaction in the survey spetrum (a), Co 2p region (b), Ni 2p (c), S 2p (d) and C 1s (e) energy regions.

Fig.12 Linear sweep voltammograms obtained by the NiCo2S4/CS electrode in the presence of PS or Nim (a) and the corresponding EIS Nyquist plots (b); Experimental conditions: [Nim]=5 mg/L, [PS]=0.4 g/L, 0.5M sodium sulfate buffer at pH=7.
Fig.13 Proposed mechanism pathway of PS activation on NiCo2S4/CS nanocomposite for Nim degradation.
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Fig.1 The XRD patterns of CS, NiCo2S4 and NiCo2S4/CS
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Fig.2 SEM image of CS (a), NiCo2S4 (b) and NiCo2S4/CS (c), the EDS images of NiCo2S4/CS composite (d), and the Elemental mapping of C, O, S, Co, Ni in NiCo2S4/CS composite (e).
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Fig.3 TEM image of NiCo2S4/CS (a) and HRTEM images of NiCo2S4/CS (b) and (c).
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Fig.4 N2 adsorption/desorption isotherm curve of the prepared NiCo2S4 and NiCo2S4/CS composite.
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Fig. 5 FT-IR spectra of CS and NiCo2S4/CS composite.
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Fig.6 Nim degradation using persulfate activated by CS, NiCo2S4 (b) and NiCo2S4/CS (c) samples. Experimental conditions: [Nim] = 5mg/L, [PS] = 0.4 g/L, [CS] = [NiCo2S4] = NiCo2S4/CS =0.1 g/L, V=50mL, T = 25 ℃, reaction time = 10 min.
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Fig. 7 Effect of natural water constituents. Experimental conditions: [Nim] = 5mg/L, [PS] = 0.4 g/L, [CS] = [NiCo2S4] = [NiCo2S4/CS] =0.06 g/L, [Cl-]=[ NO3-]=[ HCO3-]= 5mM, [FA] = [HA] = 10 mg/L, V=50mL, T = 25 ℃, reaction time = 10 min.
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Fig.8 Nim degradation in PS activated by NiCo2S4/CS membranes with different thickness (a), the UV–vis spectra of Nim degradation with 2.0 NiCo2S4/CS membrane (b) and the inset is the digital picture of Nim decolorization after reaction; Experimental conditions: [Nim]0 = 5mg/L, [PS] = 0.4 g/L, V=50mL.
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Fig.9 Repeated experiment of Nim degradation in PS activated by 2.0 NiCo2S4/CS membrane (a), and the SEM image of NiCo2S4/CS composite after six repeated times (b); Ion leaching of Co and Ni during the repeated time (c); Experimental conditions: [Nim] = 5 mg/L, [PS] = 0.4 g/L, V=50mL.
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Fig.10 Nim degradation in PS activation system in presence of various scavengers and the inset was the corresponding degradation efficiency (a); Kinetic curves of Nim removal in presence of various scavengers (b); Experimental conditions: [Nim] = 5mg/L, [PS] = 0.4 g/L, [NiCo2S4/CS] =0.1 g/L, [EtOH]/[PS] = [TBA]/[PS]=400:1, V=50mL, T = 25 ℃, reaction time = 10 min.
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Fig.11 XPS spectra of NiCo2S4/CS nanocomposite before and after the reaction in the survey spetrum (a), Co 2p region (b), Ni 2p (c), S 2p (d) and C 1s (e) energy regions.
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Fig.12 Linear sweep voltammograms obtained by the NiCo2S4/CS electrode in the presence of PS or Nim (a) and the corresponding EIS Nyquist plots (b); Experimental conditions: [Nim]=5 mg/L, [PS]=0.4 g/L, 0.5M sodium sulfate buffer at pH=7.
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Fig.13 Proposed mechanism pathway of PS activation on NiCo2S4/CS nanocomposite for Nim degradation.
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