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Abstract 

As hydroxylated benzophenones (HBPs) represent most typical UV filters and UV 

stabilizers, increasing release of HBPs into the aquatic environment has caused serious 

threats to the aquatic ecology. Among various HBPs, 4,4’-Dihydroxybenzophenone 

(4HBP) receives growing attentions as an emerging contaminant due to its potential 

toxicity of endocrine disrupting effect. For establishing useful techniques to remove 

4HBP from water, this study, as the first study, aims to develop cobalt sulfide as a 

heterogeneous catalyst to activate monopersulfate (MPS) for generating sulfate radical 

(SO4
•−) to degrade 4HBP. Especially, a unique cubic assembly of cobalt sulfide 

nanofilms (CSNF) is developed through a simple sulfurization of Prussian Blue (PB) 

in the form of Co3[Co(CN)6]2 to transform this PB to CSNF. Such a resulting CSNF 

exhibits much higher catalytic activities than the pristine PB, and the reference catalyst, 

Co3O4, for activating MPS to degrade 4HBP in terms of degradation extents and 

kinetics. With very low dosages of CSNF = 50 mg/L and MPS = 100 mg/L, 5 mg/L of 

4HBP could be fully eliminated in 15 min, validating that CSNF is a promising catalyst 

for activating MPS to 4HBP. Ea of 4HBP degradation by CSNF-activated MPS is also 

determined as 68 kJ/mol. The activation mechanism and degradation pathway of 4HBP 

degradation by CSNF-activated MPS is investigated using electro paramagnetic 

resonance and mass spectrometer, respectively, to further to provide insights into 

degradation behaviors for developing optimal sulfate-radical-based advanced oxidation 

processes of 4HBP degradation. 

  

  

Keywords: cobalt sulfide, monopersulfate, Dihydroxybenzophenone, UV filters, 

sulfate radical, emerging contaminant 
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1. Introduction 

As chemical UV filters are intensively produced and consumed, increasing release of 

these chemical UV filters into the environment has caused serious concerns [1]. These 

chemical UV filters have been classified as emerging contaminants due to their 

potential toxicities and negative effects, including xenohormone which would disrupt 

reproductive activity [2-5].  

Among various types of chemical UV filters, hydroxylated benzophenones (HBPs) 

represent the most common chemical UV filters [6]. Thus, HBPs have been 

continuously discharged into natural water bodies from aquatic activities [7], and thus 

easily detected in many water bodies [8, 9]. To avoid adverse impact and consequence 

of these HBPs in water, it is necessary to remove HBPs from polluted water bodies.          

Although a few attempts have been made to control and eliminate HBPs, existing 

studies had been focused on 2,4’-Dihydroxybenzophenone (2HBP). However, an 

another important HBP, 4,4’-Dihydroxybenzophenone (4HBP), has also received 

enormous attentions due to its increasing and extensive consumption [10]. Nevertheless, 

no studies have been ever conducted to develop techniques for eliminating 4HBP from 

water and investigate degradation behaviors under various conditions as well as 

degradation pathway. Thus, the present study aims to be the first research for 

establishing useful processes to eliminate 4HBP from water.  

As advanced oxidation processes (AOPs) have been validated as useful 

approaches to eliminate emerging contaminants [11], AOPs shall be also promising for 

degrading 4HBP. Especially, while hydroxyl radical (•OH)-based AOPs have been 

extensively employed for degrading emerging contaminants, recently sulfate radical 

(SO4
•−)-based AOPs receive growing attention for degrading emerging contaminants 

[12] because SO4
•− could exhibit higher oxidation potentials than •OH with longer half-

life [13].  
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    For obtaining SO4
•−, monopersulfate (MPS) appears as a popular source as MPS 

is industrially-available, inexpensive, and environmentally friendly [14]. However, 

MPS must be “activated” to facilitate generation of SO4
•− from MPS. While several 

techniques have been proposed to activate MPS, usage of transition metals, such as 

cobalt (Co), has been validated as the most effective technique for activating MPS  

[15-17]. Therefore, a few studies have adopted homogeneous Co ions, or immobilized 

Co on substrates as catalysts for activating MPS [18-28]. Although Co ions or Co-

immobilized materials could activate MPS, it is quite challenging to recover Co ions 

and also the immobilization of Co onto substrates is sophisticated [29, 30], rendering 

these catalysts less realistic to activate MPS for degrading emerging contaminants.  

    Even though cobalt oxides (e.g., Co3O4) have been also regarded as alternative 

heterogeneous catalysts for activating MPS, cobalt sulfides have also gained growing 

interests as cobalt sulfides possess interesting redox characteristics [31], making cobalt 

sulfides advantageous heterogeneous catalysts for activation MPS [32]. For example, a 

series of cobalt sulfides with different structures have been fabricated to activate MPS 

for eliminating antibiotics [32]. Unfortunately, studies of using cobalt sulfides for 

activating MPS are still very few, and no studies have been conducted to investigate 

cobalt sulfides for activating MPS to degrade 4HBP. Thus, the aim of this study is to 

develop and investigate cobalt sulfides for activating MPS to degrade 4HBP. Especially, 

a novel and interesting technique is adopted using Prussian Blue in the form of 

Co3[Co(CN)6]2 as a precursor which could be sulfurized and converted into cobalt 

sulfides. With the cubic morphology of PB, the resultant cobalt sulfide originated from 

PB can still exhibit the cubic morphology but its faces have been transformed into 

nanofilms. Such a cubic assembly of cobalt sulfide nanofilms (CSNF) should be an 

interesting and promising heterogeneous catalyst for activating MPS to degrade 4HBP. 

Since no such catalyst has been even developed for activating MPS, the findings of this 
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study would provide useful insights into design, characterization and application of 

CSNF for degradation of chemical UV filters by SO4
•−-based AOPs. 

 

2. Experimental 

2.1 Preparation of Prussian Blue (PB) cubes of Co3[Co(CN)6]2 

Preparation of CSNF can be illustrated as shown in Fig. 1 from conversion of PB to 

CSNF via direct sulfurization of PB. In this study, all chemicals employed here were 

commercially available and used as received without additional purification. PB cubes 

were fabricated via a co-precipitation method based on the literature [33]. Firstly, 8.73 

g Co(NO3)2⋅6H2O and 13.24 g citric acid were dissolved in 1 L of DI water to obtain a 

solution A. Next, 6.65 g of K3[Co(CN)6] was added in another 1 L of DI water to afford 

a solution B. The solution B was then gradually poured into the solution A under 

magnetic stirring for 10 min, and the resulting mixture was left without stirring at 

ambient temperature for 24 hr. The resulting precipitate was collected by centrifugation, 

washed with DI water/ethanol thoroughly, and dried in oven at 80 ℃ overnight to 

produce PB cubes of Co3[Co(CN)6]2. 

 

 

Fig. 1. Illustration of preparation of CSNF derived from sulfurization of Prussian Blue. 
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2.2 Preparation of CoS nanofilm (CSNF) 

The as-prepared PB cubes (0.2 g) were re-dispersed in 200 mL of ethanol under 

vigorous stirring for 10 min to form a suspension. Subsequently, 2 g of Na2S was 

dissolved in another 100 mL of DI water. Next, the Na2S solution was dropwise added 

into the aforementioned PB suspension under stirring at 25 ℃ for 12 h, and then the 

sulfurized PB was collected by filtration, washed with DI water and ethanol, and dried 

in oven at 80 ℃ to produce CoS nanofilm (CSNF).   

The morphology of catalysts were obtained by scanning and transmission 

electronic microscopies (JEOL, Japan), and its textural property was measured using a 

volumetric analyzer (Anton Paar Autosorb IQ, Austria). The XRD patterns of catalysts 

were then analyzed by an X-ray diffractometer (Bruker, USA), and its chemical 

composition was determined by energy-dispersive X-ray spectroscopy (EDS) (Oxford 

Instruments, UK), X-ray photoelectron spectroscopy (ULVAC-PHI, Japan), and 

Raman spectroscopy (TII, Japan). Surface charges of CSNF were measured by a zeta 

sizer (Malvern, UK).  

 

2.3 Activation of MPS by CSNF for degradation of 4HBP. 

4HBP degradation using MPS activated by CSNF was investigated by batch 

experiments. In a typical experiment, 20 mg of MPS was added into 200 mL of aqueous 

4HBP solution with an initial concentration (C0) of 5 mg/L. Subsequently, 10 mg of 

CSNF was added to the 4HBP solution at a constant temperature. After preset intervals, 

sample aliquots were withdrawn from the 4HBP solution and filtrated by filters to 

separate catalysts. The concentration of 4HBP in the filtrate (Ct) was then determined 

by a UV-Vis spectrophotometer at 298 nm (Fig. S1). Electron paramagnetic resonance 

(EPR) (Bruker, Germany) was adopted to analyze radical species from MPS using 5,5-

Dimethyl-1-pyrroline N-oxide (DMPO) as a radical-trapping agent. The reusability of 
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CSNF for activation of MPS was verified by reusing CSNF for multi-cycle 4HBP 

degradation experiments. Commercial Co3O4 NP (ca. 50~80 nm) (Sigma-Aldrich, USA) 

was also acquired for comparing with CSNF. 4HBP degradation intermediates were 

determined by a mass spectrometer (Thermo Finnigan Corporation, LCQ ion-trap mass 

spectrometer, USA).  

 

3. Results and Discussion 

3.1 Characterization of CSNF  

Since CSNF was derived from PB of Co3[Co(CN)6]2, the morphology of PB was then 

visualized in Fig. 2(a-b), in which cubic structures can be observed. Its corresponding 

XRD pattern was also determined in Fig. 3, which could be correctly indexed to the 

pattern of PB [34, 35], confirming that PB was successfully formed with the cubic 

morphology. 
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Fig. 2. (a) SEM and (b) TEM images of PB of Co3[Co(CN)6]2; (c) SEM, (d) TEM , 

and (e) HRTEM images of CSNF. 

 

Once PB was sulfurization, the resultant product was then shown in Fig. 2(c). While 

the pristine PB exhibited smooth surfaces, the surface of sulfurized product of PB 

became roughened and wrinkled with fluffy nanofilms. The formation of CoS films 

could be attributed to a possible mechanism in which Na2S would be dissociated into 

Na+ and S2- and S2- would then exchange with Co(CN)6
3- of PB, leading to a “etching” 

effect to erode the surface of PB [36]. Subsequently, as CoS typically exhibits the film-

like (or sheet-like) morphology [37-39], the resulting nanofilms of CoS can be observed 

(e) 
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on the cube’s surface while many voids can be also observed because of the 

aforementioned etching effect. 

    While film-like CoS had been reported in a few literatures, for instance, Yu et al. 

proposed the fabrication of thin films of CoS; however these CoS thin films must be 

deposited on glass substrates to retain its morphology [40]. On the other hand, Mane et 

al. also proposed to grow CoS thin films by a relatively complicated liquid-phase 

chemical growth method; however a glass substrate was also required to support the 

CoS thin films [41]. These previous studies indicate that the conventional methods for 

fabricating CoS thin films would necessitate glass substrates. On the contrary, the CoS 

thin films obtained here could be produced through a relatively simple method by direct 

sulfidation of PB at ambient temperature without requirement of any glass substrates, 

revealing the advantage of the proposed method in the study.  

    The TEM image (Fig. 2(d)) demonstrates that these wrinkled nanofilms of 

sulfurized PB were very thin. In addition, the HRTEM of CSNF had been obtained and 

displayed in Fig. 2(e). The lattice-resolved image indicates d-spacing of 0.265 nm, and 

0.207 nm, corresponding to the (101) and (102) planes of CoS as observed in the XRD 

pattern. In addition, a d-spacing of 0.299 nm can be also detected and attributed to the 

plane (311) of Co4S3 as observed in the XRD pattern of CSNF, confirming the existence 

of CoS and Co4S3 in CSNF. 

    To further analyze chemical composition of this sulfurized PB, the EDS analysis 

was employed and shown in Fig. 3(a). Since the pristine PB did not comprise sulfur, a 

notable signal of S could be observed in the sulfurized PB, verifying that PB had been 

modified with sulfur.  
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Fig. 3. (a) EDS analysis of CSNF; (b) XRD patterns of and CSNF and PB. 

 

The corresponding XRD pattern of such a sulfurized PB can be seen in Fig. 3(b), 

and a number of significant peaks could be noticed at 34.3, 38.9, 46.4, and 59.6°. In 

particular, the peaks at 34.3, 38.9, and 46.4° would be ascribed to cobalt sulfide in the 

form of CoS (JCPDS #65-0407), whereas the peak at 59.6° corresponded to cobalt 

sulfide in the form of Co4S3 (JCPDS #02-1338), demonstrating that the sulfurized 

product of PB (Co3[Co(CN)6]2) had been transformed into cobalt sulfides. As cobalt 

sulfides can exist in many forms, cobalt-sulfide-containing materials would usually 

contain partial patterns of various cobalt sulfides rather than exhibiting a full-set of 

XRD patterns of each species. For instance, Ahn et al. reported a composite of cobalt 

sulfide and rGO, and its corresponding XRD pattern comprised partial patterns of Co3S4, 

and CoS2 and Co3S4 [42]. Similar results can be obtained in the study by Ma et al. for 

proposing a mixture of CoS and CoS2 as an electrocatalyst [43]. In view of these 

standard peaks of cobalt sulfides, the XRD peaks of CSNF could be attributed to CoS 

and Co4S3.   

These characteristics demonstrated that the PB cube had been transformed into 

cubic assembly of CoS nanofilms (CSNF) via the direct sulfurization of PB. Moreover, 
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Fig. 4 displays that Co and S elements were homogeneously distributed all over this 

cubic assembly of CSNFs, indicating that the entire pristine PB cube was thoroughly 

sulfurized, and transferred into cobalt sulfides. 

 

Fig. 4. Elemental mapping analyses of CSNF: (a) an image of selected region, (b) cobalt, 

and (c) sulfur. 

 

Next, CSNF was analyzed by Raman spectroscopy in Fig. 5(a), and the 

corresponding Raman spectrum appeared to be quite different from that of the pristine 

PB. Four peaks were observed in the range from 150 to 700 cm-1. Specifically, the peaks 

located at 194, and 523 can be attributed to the F2g symmetry of Co [44, 45], whereas 

the peak at 485 cm–1 was derived from the Eg symmetry of Co. The high peak at 694 

cm–1 corresponded to the A1g symmetry of Co [46, 47].  

Besides, the surface chemistry of CSNF was also investigated by XPS and its full 

spectrum (Fig. 5(b)) displays the significant signals of Co, and S. Moreover, the 

corresponding Co2p spectrum could be deconvoluted into several underlying peaks as 

Fig. 5(c). The peaks at 780.2 and 795.1 eV were attributed to Co3+, while the peaks at 

781.8 and 796.9 eV could be derived from Co2+ [48, 49]. The corresponding S2p XPS 

spectrum of CSNF was then revealed in Fig. 5(d), in which two peaks could be afforded 

after deconvolution. Specifically, the peak at 162.5 eV could be attributed to S2- of 
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CSNF, and the peak in the range of 165~170 eV could be ascribed to S species in the 

inconsequential compounds of CoxSy in CSNF [50].  

 

Fig. 5. (a) Raman spectra of CSNF and PB; (b) full survey, (c) Co2p, and (d) S2p 

XPS spectra of CSNF. 

 

Since CSNF displayed a very unique morphology of cubic assembly of CSNF, its 

textural property was then measured by its N2 sorption isotherms in Fig. 6(a). The 

isotherm seemed a combination of IUPAC type III and IV isotherms, suggesting that 

CSNF contained pores, potentially originated from inter-stacked nanofilms of CSNF as 
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observed in SEM images. Besides, a noticeable hysteresis loop was observed in the 

isotherm, validating the presence of mesopores in CSNF. Fig. 6(b) further verified that 

CSNF comprised mesopores and macropores, and the BET surface area of CSNF was 

34 m2/g with a pore volume of 0.16 cm3/g.  

 

Fig. 6. Physical properties of CSNF: (a) N2 sorption isotherm, (b) pore size 

distribution, and (c) zeta potential. 

 

As MPS activation and 4HBP degradation were aqueous reactions, it was essential 

to realize the surface charges of CSNF in water as a function of pH. Fig. 6(c) shows 

that the surface charge of CSNF was -5 mV at pH = 3 and then reduced to -10 mV at 

pH = 5. At higher pH = 7, 9 and 11, zeta potentials further dropped to -17, -38, and -62 

mV, respectively. This demonstrates that the surface charge of CSNF was negative 

under the neutral condition. 

 

3.2 4HBP degradation by MPS activated using CSNF  

Before evaluating 4HBP degradation using MPS activated by CSNF (CSNF+MPS), it 

was essential to examine if CSNF itself could eliminate 4HBP from water via 

adsorption. Fig. 7 displays that the concentration of 4HBP was almost unchanged in 45 

min, indicating that CSNF was unable to eliminate 4HBP via adsorption. Moreover, it 

was also critical to verify whether MPS itself would degrade 4HBP; however, 4HBP 
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was negligibly eliminated in 45 min, demonstrating that MPS itself was unable to 

degrade 4HBP without proper activation of MPS.    

 

Fig. 7: Degradation of 4HBP by MPS, adsorption to CSNF, CSNF +MPS, PB+MPS 

and Co3O4 NP+MPS (Catalyst = 50 mg/L, MPS =100 mg/L ,T = 30 ℃). 

 

When CSNF and MPS were both present in the 4HBP solution, the concentration 

of 4HBP rapidly decreased and Ct/C0 approached zero within 45 min, demonstrating 

that CSNF+MPS completely eliminated 4HBP. Since CSNF and MPS were unable to 

degrade 4HBP separately, this full and rapid elimination of 4HBP by CSNF+MPS 

suggested that MPS was successfully activated by CSNF.  

In consideration of Co2+ and Co3+ contained in CSNF, these Co species would 

react with MPS to produce sulfate radicals as follows (Eqs.(1)-(2)) [51, 52]: 

Co2+@CSNF + HSO5
‒ → Co3+@CSNF + SO4

•‒ + OH‒      (1) 

Co3+@CSNF → Co2+@CSNF + SO5
•‒ + H+                    (2) 

    As MPS was activated in the presence of CSNF for degrading 4HBP, it would be 

interesting to compare CSNF with its precursor, PB, for activating MPS. When PB and 

MPS were both present in the 4HBP solution, the concentration of 4HBP gradually 

decreased as Ct/C0 at 45 min approached 0.58, indicating that the pristine PB could also 
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activate MPS for degrading 4HBP. However, the catalytic activity of PB was apparently 

much lower than its sulfurized derivative, CSNF, as 4HBP could not be eliminated and 

degradation kinetics was much slower using PB+MPS. 

To quantify kinetics of 4HBP degradation, the pseudo first order model, which has 

intensively adopted to calculate rate constants of MPS-based degradation, was used as 

follows (Eq. (4)) [53]:  

0 exp( )tC C kt                                 (3) 

where k represents the rate constant (min-1). Since the rate constant (k) of 4HBP 

degradation by CSNF+MPS was 0.2335 min-1 (see Table S1 in the supporting 

information), the corresponding k by PB+MPS was 0.0125 min-1, indicating that CSNF 

possessed a much higher catalytic activity, and the sulfurization could significantly 

improve catalytic activities of PB.  

Moreover, while CSNF could successfully activate MPS, and surpassed PB for 

activating MPS to degrade 4HBP, it was important to compare it with the reference 

catalyst for MPS activation, Co3O4. Therefore, the commercial Co3O4 NP (Fig. S2) was 

purchased and compared with CSNF for MPS activation (Fig. 7). When Co3O4 NP 

seemed capable of activating MPS, 4HBP could not be fully eliminated in 45 min as 

the corresponding Ct/C0 of 4HBP at 45 min merely reach 0.7. In addition, the reaction 

stoichiometric efficiency (RSE) was calculated at 45 min (Fig. S2). RSE averages 

ranged between 0.0148 and 0.0495; the highest RSE was for CSNF+MPS while the 

lowest RSE was Co3O4+MPS. From the results of RSE which can provide more clear 

comparisons proved CSNF can activate MPS more effectively again. This comparison 

validated that CSNF was also more efficient than Co3O4 NP, and CSNF was proven as 

an advantageous catalyst for activating MPS to degrade 4HBP.  

Z. Yu et al. [54] and R. S. Mane et al. [55] have reported that different CoS films 
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prepared ways. Compared with previous reports, the CoS film in this research synthesis 

in room temperature which could avoid unnecessary energy waste and save process 

cost. Moreover, using the cubic morphology of PB as precursor to make CoS can still 

exhibit the cubic morphology though its faces have been transformed into nanofilms. 

Firstly, it could form more surface area for activating MPS to degrade 4HBP. On the 

other hand, it could also be observed from the degradation results that the use of PB to 

synthesize CoS can significantly improve its efficiency as a catalyst. 

 

3.3 Effects of CSNF and MPS dosages on 4HBP degradation 

While the combination of CSNF and MPS rapidly degraded 4HBP in 45 min, it was 

necessary to further distinguish their respective contributions. Therefore, effects of 

CSNF and MPS dosages on 4HBP degradation were studied. Fig. 8(a) displayed 4HBP 

degradation by CSNF at different dosages (25, 50, and 100 mg/L) with a fixed MPS 

dosage (100 mg/L). With these three CSNF dosages, CSNF could all quickly and fully 

eliminate 4HBP in 45 min; however, the degradation kinetics appeared very different 

with various CSNF dosages. In particular, as CSNF increased from 25 to 50 mg/L, k 

changed from 0.0948 to 0.2335 min-1. When CSNF further increased to 100 mg/L, k 

was boosted to 1.2800 min-1. These results validated that a higher dosage of CSNF 

significantly enhanced 4HBP degradation because more catalytic sites were available 

to accelerate MPS activation for faster 4HBP degradation.  
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Fig. 8. Degradation of 4HBP by CSNF+MPS: (a) effect of CSNF dosage (MPS =100 

mg/L ,T = 30 ℃), and (b) effect of MPS dosage (CSNF =50 mg/L ,T = 30 ℃). 

 

    Furthermore, 4HBP degradation by MPS at different dosages was also 

investigated in Fig. 8(b). As MPS dosage was increased from 100 to 150 mg/L, 4HBP 

degradation was also expedited as k increased from 0.2335 to 0.8892 min−1. However, 

when MPS dosage was reduced from 100 to 50 mg/L, 4HBP degradation became much 

slower as k decreased from 0.2335 to 0.0604, and Ct/C0 merely reached 0.2 in 45 min. 

These comparisons also suggested that the degradation extent of 4HBP was greatly 

correlated to MPS dosages as sulfate radicals are generated from MPS instead of 

catalysts. On the contrary, CSNF served as a catalyst which would manipulate 

degradation kinetics [56, 57].  

 

3.4 Effects of temperature and initial pH on 4HBP degradation 

Since temperature has been an important parameter for MPS activation, the effect of 

reaction temperature on 4HBP degradation by CSNF+MPS was then investigated. Fig. 

9(a) displays 4HBP degradation by CSNF+MPS at 30, 40 and 50 °C. At these 

temperatures, 4HBP could be all eliminated fully; however, the degradation kinetics at 
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different temperatures were noticeably different. In particular, as temperature increased 

from 30 to 40 and 50 °C, k increased from 0.2335 to 0.5741 and 1.2600 min−1, 

respectively, demonstrating that the higher temperatures could expedite 4HBP 

degradation by CSNF+MPS.  

 

Fig. 9. Degradation of 4HBP by CSNF+MPS: (a) effect of temperature (CSNF =50 

mg/L; MPS =100 mg/L), and (b) effect of pH value (CSNF = 50 mg/L; MPS =100 

mg/L; T = 30 ℃). 

 

In consideration of quicker kinetics at higher temperatures, k was then associated 

with temperature through the following Arrhenius equation (Eq.(5)): 

Ln k = ln A – Ea/RT                            (5) 

where Ea is the activation energy (Ea, kJ/mol) of 4HBP degradation. A plot of 1/T vs. 

Ln k was revealed as the inset in Fig. 9(a) and the data points were properly fit by the 

linear regression with R2 = 0.999 and then Ea was calculated as 68 kJ/mol.   

Moreover, as MPS activation and 4HBP degradation were both aqueous reactions,  

pH value of 4HBP solution was a crucial factor and the effect of pH was then examined 

in Fig. 9(b). As the 4HBP solution was weakly acidic at pH = 5, 4HBP degradation by 
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CSNF+MPS was noticeably influenced as k decreased from 0.2335 to 0.0231 min−1. 

When 4HBP solution became highly acidic at pH = 3, the adverse effect on 4HBP 

degradation became more pronounced as the corrsponding k decreased to 0.0188 min-

1, and only 60% of 4HBP was eliminated in 45 min. This demonstrated that acidic 

conditions would hinder MPS activation possibly due to the fact that MPS would 

become much more stable under acidic conditions [58], making MPS much more 

difficult to activate.      

Besides, as the 4HBP solution became weakly basic at pH = 9, 4HBP degradation 

was significantly influenced as k decreased from 0.2335 to 0.0042 min−1, and merely 

20% of 4HBP was removed in 45 min. Once pH further increased to 11, 4HBP 

degradation was almost completely inhibited (with a significantly low k of 0.0003 min-

1). This could be possibly due to the reason that MPS would self-decompose without 

generation of SO4
•‒ under basic conditions [58, 59], and insufficient SO4

•‒ was 

generated to degrade 4HBP. Besides, the basic condition would make the surface of 

CSNF much more negative due to accumulation of OH−. As a result, the electrostatic 

revulsion between 4HBP and the surface of CSNF became more intense, hindering 

SO5
•‒ from reacting CSNF and restraining generation of SO4

•‒. 

 

3.5   The recyclability of CSNF for activating MPS to degrade 4HBP 

Since CSNF was adopted as a heterogeneous catalyst for activating MPS to degrade 

4HBP, it was essential to study whether CSNF could be reusable to activate MPS for 

4HBP degradation. Fig. 10(a) further reveals that 4HBP was fully and quickly 

eliminated by reusing CSNF to activate MPS for consecutive 4 cycles. This verifies that 
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the used CSNF still exhibited stable and efficient catalytic activities for MPS activation 

to degrade 4HBP.  

 

        
Fig. 10. (a) recyclability test of CSNF for degradation of DHB (CSNF =50 mg/L; MPS =100 

mg/L; T = 30 ℃); (b) SEM image, (c) XRD pattern and (d) Raman spectrum of the 

spent CSNF. 

 

    The used CSNF was also analyzed and the SEM image of used CSNF still 

exhibited a cubic morphology with fluffy nanofilms on its surface, validating that the 

morphology of CSNF remained similar after the reaction. In addition, its XRD pattern 

(Fig. 10(b)) was very comparable to that of the pristine CSNF. In addition, the Raman 

spectrum of the used CSNF was also similar to that of the pristine CSNF. These features 
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validated that the characteristics of CSNF were remained without significant changes, 

and CSNF shall be a durable and reusable catalyst. 

 

3.6 A proposed mechanism of 4HBP degradation by CSNF-activated MPS  

Since MPS activation would generate SO4
•‒, SO4

•‒ could also react with water 

molecules to produce •OH through the following [60] (Eq. (4)): 

    SO4
•− + H2O → SO4

2− + •OH + H+
     (4) 

Therefore, it was critical to examine whether these reactive oxygen species (i.e., •OH 

and SO4
•−) would be present and involved in 4HBP degradation by CSNF+MPS. To 

this end, two special radical scavengers were selected: tert-butanol and methanol. Since 

tert-butanol does not comprise α-hydrogen, it would react with •OH quickly, making 

tert-butanol a radical probing reagent for •OH. Fig. 11(a) reveals that 4HBP degradation 

by CSNF+MPS in the presence of tert-butanol was greatly influenced and inhibited as 

k noticeably reduced from 0.2335 to 0.0109 min-1, and merely 50% of 4HBP was 

eliminated in 45 min, indicating that •OH seemed to involve in 4HBP degradation.  

 

Fig. 11. (a) Effects of radical scavengers on 4HBP degradation (CSNF= 50 mg/L; 

MPS =100 mg/L; T = 30 ℃); (b) EPR analysis ((: DMPO-OH•; : DMPO- SO4
•−). 
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Moreover, another radical probing reagent, methanol, was also examined as 

methanol consisting of α-hydrogen can rapidly react with both OH• and SO4
•− [61]. Fig. 

11(a) reveals that 4HBP degradation was ineffective with k = 0.0093 min−1. This result 

suggests that both OH• and SO4
•− were present in CSNF+MPS, participating in 4HBP 

degradation.  

For further verifying radical species generated from CSNF+MPS, EPR analysis 

was adopted as shown in Fig. 11(b). As DMPO was adopted as a spin-trapping agent, 

no noticeable pattern was obtained in the mixture of MPS and DMPO. However, once 

MPS and CSNF were both mixed with DMPO, a noticeable pattern was gained, and 

ascribed to the hyperfine splitting of oxidation adduct products of DMPO-OH and 

DMPO-SO4 [62-67]. This validates that 4HBP degradation could be involved with  

both SO4
•− and •OH, generated from CSNF+MPS. 

 

3.7 A potential degradation pathway for 4HBP by CSNF-activated MPS 

For further realizing 4HBP degradation by CSNF+MPS, intermediates of 4HBP 

degradation were then determined by mass spectrometry and summarized in Table S2. 

In view of these intermediates, a potential degradation pathway of 4HBP by 

CSNF+MPS could be schemed in Fig. 12. 
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Fig. 12. A potential degradation pathway of 4HBP degradation by CSNF+MPS. 

    Initially, 4HBP might be oxidized by OH radicals to become P1 and its analogues. 

Next, P1 would be decomposed into P2 and P5, while P2 could be further oxidized into 

P4. Simultaneously, 4HBP would be also decomposed and broken into P3 and P5. 

Subsequently, P3 and P4 might be further decomposed to generate P5 or benzene rings, 

which were then oxidized and undergone ring-opening reactions to produce low-

molecular-weight compounds eventually.   

 

4. Conclusions 

In this study, a unique cubic assembly of CoS nanofilm (CSNF) was fabricated via a 

convenient sulfurization of PB under the ambient condition to transform PB into cobalt 

sulfides. Such a resulting CSNF exhibited much higher catalytic activities than the 

pristine PB, and the reference catalyst, Co3O4, for activating MPS to degrade 4HBP. 

With very low dosages of CSNF = 50 mg/L and MPS = 100 mg/L, 5 mg/L of 4HBP 

could be fully eliminated in 15 min, validating that CSNF was a promising catalyst for 

activating MPS to 4HBP. Ea of 4HBP degradation by CSNF+MPS was also calculated 
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and the activation mechanism and degradation pathway of 4HBP degradation by 

CSNF+MPS was investigated here to provide insights into degradation behaviors for 

developing optimal sulfate-radical-based processes of 4HBP degradation. 
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