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a b s t r a c t

More and more antibiotics that are difficult to biodegrade have been detected in water environments

threatening ecosystems and human health. Therefore, it is urgent to develop efficient water treatment

methods to degrade antibiotics. In this work, Co-Fe Prussian blue analogues (PBAs) with different mo-

lar ratios were synthesized for peroxymonosulfate (PMS) activation to degrade sulfacetamide (SAM,

10 mg/L). By increasing Co molar ratio, the PMS activation capability and electrochemical properties of

PBAs were enhanced. Due to its excellent reactivity (degradation efficiency of 84.2% and mineralization

efficiency of 52.79%), cost benefit (electrical energy per order, 0.01019 kWh/L) and lower metal leaching

([Co]=0.259 mg/L, [Fe]=0.128 mg/L), PBA-1, the as-prepared catalyst with a molar ratio of cobalt to iron

of 1:1, was selected for further study. The radical scavenging experiments and an electron paramagnetic

resonance (EPR) trapping experiments were performed and revealed that PBA-1 addition was required to

produced •OH and SO4
•− from PMS activation. Accordingly, we proposed a PMS activation mechanism and

SAM decomposition pathways for PBA-1/PMS reaction system. Besides, a PBA-1@polyvinylidene fluoride

(PVDF) catalytic membrane was further prepared to expand the application potential of PBA nanoparti-

cles. The PBA-1@PVDF catalytic membrane was highly effective and exhibited a great reusability; thus, it

could be considered for applications in actual water treatment processes.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pollution caused by increasingly serious antibiotics and their

metabolites is one of the most pervasive problems afflicting hu-

man and ecosystem health throughout the world, and has drawn

the attention of researchers worldwide [1,2]. Sulfonamides (SAs)

were first synthesized in 1937 and are the earliest antibiotics that

were used in clinical applications. Due to their low cost and broad-

spectrum antimicrobial applications, SAs are widely used to treat

infection in humans, plants and livestock [3]. More than ten types

of SAs have been detected in rivers, sediments, groundwater and

soil in many countries, including the United Kingdom, the United

States, Australia and China [2,4,5]. The widespread distribution of

SAs in aqueous environments can induce the evolution of resistant

pathogens, even at lower concentrations, threatening ecosystems

and human health [6].
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The SAs removal performance of ozonation [7] and advanced

oxidation processes (AOPs) involving hydroxyl radicals (•OH)

[8] has been evaluated. Compared with the abovementioned treat-

ment methods, sulfate radical (SO4
•−)-based advanced oxidation

processes (SR-AOPs) have the following superiorities: (i) SO4
•−

possesses a higher redox potential (Eo =2.5–3.1 V) [9] than •OH

(Eo =1.9–2.8 V) [10]. (ii) The half-life of SO4
•− (30–40 μs) is longer

than that of •OH (<1 μs), allowing for an excellent mass transfer

and contact with the target pollutant in heterogeneous catalysis

systems [11]. (iii) The organics oxidation in SR-AOPs is indepen-

dent of pH, while the removal efficiency of •OH-based reaction de-

creases with increasing pH values [12]. (iv) The SR-AOPs leads to a

better mineralization rate than that achieved by •OH [13]. (v) SO4
•−

is electrophilic, so it would selectively attack organic molecules

and prefer to react with electron-donating groups, including the

hydroxyl (–OH), amino (–NH2), and alkoxy (–OR) groups and π
electrons present on aromatic molecules [12,14]. Considering en-

ergy consumption, catalytic activation by metal and metal oxides

is a more efficient technology and exhibits quite excellent per-
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1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



R. Guo, Y. Chen, Y. Yang et al. Chinese Chemical Letters 34 (2023) 107837

formance for pollutant removal [15]. Therefore, we attempted to

synthesize transition metal catalyst for SR-AOPs and used sulfac-

etamide (SAM) as a target pollutant.

Prussian blue (PB) has a unique internal chemically tunable fea-

ture, in which the Fe metal centers can be replaced by differ-

ent metal ions (such as Co, Ni, Zn) to produce electrochemically

active analogs (PBAs). PBAs are well known porous coordination

polymers (PCPs) with a chemical formula of Mn[Ḿm(CN)6)]·xH2O

(where M and Ḿ represent transition metal cations). PBAs have

definite compositions of metal cations, which act as nodes that are

linked by cyanide groups which act as bridges [16]. Therefore, due

to the unique internal chemically tunable feature of PBAs, we be-

lieve that peroxymonosulfate (PMS) activation using PBAs is eas-

ier to maintain, overcoming the drawback of poor stability of sup-

ported catalysts. More importantly, the robust framework of PBAs

exhibits a great stability which reduces secondary contamination

by toxic metal-leaching in strong acid/basic conditions as com-

pared with traditional transition metal catalysts [17,18]. Zeng et

al. [19] synthesized PBAs@poly(m-phenylenediamine) nanoparticles

with core-shell structure to activate PMS for degradation of Rho-

damine B (RhB). Interestingly, the Co leaching concentration was

reduced after coating a layer of PmPD on the surface of Fe-Co-

Co PBA. Wu et al. [20] prepared Fe/Mn PBA@PBAs catalysts with

core-shell structure and exhibited excellent pollutant removal per-

formance. Zhang et al. [21] confirmed that Fe/Co PBAs have a high

activity to activate PMS and high-efficiency degradation of bisphe-

nol A, meanwhile, Fe shell in this heterogeneous catalyst can ef-

fectively protect and inhibit the leaching of cobalt ions. Neverthe-

less, previous studies on the PBAs-based persulfate catalysts were

usually prepared by complex and cumbersome procedures. Thus,

developing a facile method to synthesize PBAs with great catalytic

capability remains a top priority and highly desirable.

Furthermore, the stability and recyclability of nanocatalysts is

important, but most researchers have neglected the separation of

nanomaterials from treated water, which can cause secondary pol-

lution [22–24]. According to previous review, PBAs loaded in solid

supporters enrich themselves with versatile forms and better me-

chanical strength [25]. Due to their good film forming properties,

toughness and separation properties, polymer substrates have be-

come one of research hotspots in the immobilization catalyst field.

In particular, polyvinylidene fluoride (PVDF) has received extensive

attention for wastewater purification applications because of its

excellent chemical resistance, thermal stability and high mechan-

ical strength [26]. In this study, we developed an economical and

effective PBA nanoparticle-loaded catalytic membrane to achieve

PMS activation, which simultaneously oxidized organic pollutants

and efficiently recovered the catalyst.

In this study, CoFe PBAs were prepared and used to activate

PMS. And the organic pollutant oxidation potential, reusability and

optimal reactive conditions of PBA/PMS reaction system were eval-

uated. In the course of experimental inquiry, SAM was selected as

the target compound and its decomposition pathways were pro-

posed. Besides, electrochemical detection methods and X-ray pho-

toelectron spectroscopy (XPS) measurements were applied to ex-

plain the mechanism of the excellent PMS activation performance

of the PBAs. Lastly, a PBA-1@PVDF catalytic membrane, which

could be separated from water expediently overcoming the prob-

lem of catalyst recycling, was further prepared to expand the ap-

plication potential of PBA nanoparticles.

A co-precipitation strategy was used to synthesize the CoFe

PBAs. First, a certain amount of 0.01 mol K3[Fe(CN)6], 0.01 mol

Co(NO3)2·6H2O and 3.000 g polyvinyl pyrrolidone (PVP) solid pow-

der were added into 200 mL deionized water. After all the reagents

were fully dissolved, the suspension was then aged at 30 °C for

30 min with constant stirring. After aging, the solid material was

washed by deionized water and ethanol with the assistance of a

centrifugation treatment and dried at 60 °C for 48 h. The processes

used to prepare PBA-0.5, PBA-2, PBA-3 and PBA-4 various ratios of

K3[Fe(CN)6] and Co(NO3)2·6H2O (i.e., 1:2, 2:1, 3:1 and 4:1, respec-

tively).

As optimized PBA-1 was used to prepare the PBA-1@PVDF (with

PBA-1 mass ratio as 1.6%) composite membranes and the details

are presented here. First, 4.000 g PVDF particles were dissolved

into 16.0 mL of DMAC at a temperature of 80 °C and the solution

was stirred. After the PVDF particles were fully dissolved, a gelati-

nous solution was formed. Then, 0.320 g of (NaPO3)6, 0.800 g of

PVP and 65 mg PBA-1 nanoparticles were slowly added into the

PVDF solution. Next, after standing overnight to remove bubbles,

the colloidal mixture was poured onto a glass plate (10×10 cm2)

and scraped to prepare the flat PBA-1@PVDF composite mem-

branes (about 2.6 g, 10×10 cm2). Note that the as-obtained

PBA-1@PVDF membranes were stored in glass bottles filled with

ethanol and deionized water (with a volume ratio 1:1).

In this study, SAM was selected and served as probing molecule

to evaluate the PMS activation performance of PBAs. All the activa-

tion performance experiments were carried out at 30 °C with ini-

tial pH 5.85 of SAM aqueous solution (10.0 mg/L). For reaction sys-

tem, 6.0 mg PBA-1 was dispersed into 100 mL SAM solution. And

then, 30.0 mg PMS would be added. At given time intervals, about

3 mL treated sample was taken and filtered with 0.22 μm nitrocel-

lulose membrane to detect the concentration of SAM via ultravio-

let spectrophotometer. Moreover, the PMS activation performance

of PBA-0.5, PBA-2, PBA-3 and PBA-4 were determined as refer-

ence. With respect to PBA-1@PVDF composite membrane system,

100 mL SAM solution (10.0 mg/L) would be treated by 30.0 mg

PMS and PBA-1@PVDF membrane (5×10 cm2, about 0.264 g). At

given time intervals, about 3 mL treated simulated pollutant so-

lution would be collected and detected by ultraviolet spectropho-

tometer to confirm remained SAM concentration. Furthermore, to

identify intermediate products, samples were analyzed using high-

performance liquid chromatography tandem mass spectrometry

(HPLC-MS) measurement including Waters HPLC (2010, USA) cou-

pled with a triple-stage quadrupole mass spectrometer (Thermo

Scientific TSQ Quantum Access MAX, USA) via positive-mode elec-

trospray ionization (ESI+). Separation was conducted by a C18

HPLC capillary column (100 mm×2.1 mm i.d., 5 μm, Thermo,

USA). A mixed solution of acetonitrile and deionized water (v/v,

55%/45%) was selected as mobile phase A. Besides, 0.1% formic acid

and 5×10–3 mol/L ammonium formate water solution was used

as mobile phase B. The flow rate of mobile phases, injection vol-

ume of the sample, and excitation wavelength were maintained at

1 mL/min, 20 μL and 264 nm, respectively.

In order to obtain optimized conditions, the effects of key pa-

rameters, concluding PBA-1 dosage, PMS concentration, pH value,

reaction temperature, humic acid and different anions were stud-

ied. Adjusting the pH value of the reaction system via 1 mol/L KOH

and 1 mol/L H2SO4. Diverse anions, i.e., Cl−, NO3
− and HCO3

−,
were induced through KCl, KNO3 and KHCO3, respectively. The

heterogeneous catalyst activation of PMS produces various reac-

tive radicals, such as sulfate radicals (SO4
•−), hydroxyl radicals

(•OH) and superoxide radicals (•O2
−) [27]. It was essential to de-

termine the role of these radicals in order to deduce the SAM

oxidation pathways and reaction mechanism. Ethanol was applied

as the scavenger of •OH (9.1× 106 L mol−1 s−1) as well as SO4
•−

(3.5×107 L mol−1 s−1) [28]. Besides, tert-butyl alcohol (TBA) was

selected to identify •OH ((3.8-7.6)×108) [29]. Moreover, it was

commonly accepted that p-benzoquinone (BQ) acted as quench-

ing agent for •O2
− [30]. In recycling experiment, the used cata-

lyst in suspension was gathered by centrifugal separation. Next, it

would be washed by ethanol and deionized water, and then dried

overnight in oven at 60 °C for further use. As for used PBA-1@PVDF

membrane, it was collected via tweezers, then, washed and stored

2



R. Guo, Y. Chen, Y. Yang et al. Chinese Chemical Letters 34 (2023) 107837

Fig. 1. (a) Removal efficiency of SAM, (b) corresponding PMS consumption efficiency, (c) EE/O values and (d) metal ions leaching amount (reaction conditions:

[Catalyst]0 =60 mg/L, [PMS]0 =300 mg/L, [SAM]0 =10 mg/L, pH 5.85 (unadjusted), reaction temperature=30 °C). (e) PBA-1/PMS reaction system SAM removal efficiency

used to determine the repeatability (reaction conditions: [PBA-1]0 =60 mg/L, [PMS]0 =300 mg/L, [SAM]0 =10 mg/L, pH 5.85 (unadjusted), reaction time=60 min, reaction

temperature=30 °C).

with ethanol and deionized water (volume ratio=1) for the next

cycle.

Moreover, some characterization analyses were applied to prove

repeatability of PBA-1 nanoparticles and PBA-1@PVDF membrane.

Besides, chemical characterization methods and electrochemical

property detection of PBAs were described in the Text S1 (Support-

ing information).

To optimize the catalytic performance of PBAs, the impact of

different molar ratios of CoFe PBAs on SAM degradation was in-

vestigated and displayed in Fig. 1a. By increasing the Fe molar ra-

tio, the SAM degradation efficiency reduced to 84.8%, 84.2%, 66.0%,

58.6% and 55.0% after 60 min. Meanwhile, as displayed in Fig. 1b,

the PMS consumption efficiency was confirmed. Fig. 1c shows the

electrical energy per order (EE/O) for SAM (The EE/O values for

SAM removal were calculated and the methodology is described

in Text S2 in Supporting information) [31,32]. As a result, the EE/O

value of the PBAs/PMS decreased significantly as compare to that

of PMS alone, and this reveals the benefit of adding PBA. Never-

theless, the EE/O value of PBA-1/PMS was 0.01019 kWh/L, which

was the lowest EE/O for the various catalysts reaction systems in

this study (Fig. 1c). Fig. 1d and Fig. S2 (Supporting information)

showed the change in the leached metal amount and percentage

with different PBAs after 60 min of the reaction. Clearly, PBA-

1/PMS system simultaneously exhibited a great SAM degradation

and a significant decrease in the Co and Fe leaching as compared

to PBA-0.5. As depicted, all the cobalt ion leaching concentrations

of as-obtained PBAs were lower than the limited cobalt ion con-

centration (1.0 mg/L) in the Environmental Quality Standards for

Surface Water (GB3838-2002) of China. Nevertheless, the iron ion

leaching concentrations of PBA-0.5 exceeded the limited concen-

tration (0.3 mg/L) in the national standard (GB3838-2002), and

the dissolved iron ion concentrations of another PBAs were lower

than the standard limit concentration. For metal-based catalysts,

the secondary pollution issue caused by the leached metal ions is

of great concern. In particular, the cobalt ions released into envi-

ronments are possibly toxic and carcinogenic. Considering the EE/O

value and Co2+ dissolution, PBA-1 was selected for further study.

Additionally, the stability and reusability of PBA-1 were evaluated

by SAM removal efficiency (Fig. 1e) and characterization (Figs. S3-

S5 in Supporting information) as discussed in Text S3 (Supporting

information).

The microscopic morphologies of the PBAs with different mo-

lar ratios of Co and Fe were depicted in Fig. 2 and Fig. S6 (Sup-

porting information). It was clearly that with different Co and Fe

amount, the morphology would change. These as-obtained PBAs

sample were in agglomerated state under low magnification condi-

tion (×1.0k). Particularly, the surface of PBA-1 sample (Fig. 2a) was

smoother than another PBA-0.5 (Fig. S6A-1). Seen from Fig. S6A-1-

D-1, with the increasing molar ratio of Fe, the surface of the par-

ticles was getting rougher. Nevertheless, with higher magnification

(×10.0k), it would be seen that morphology of PBAs (Fig. 2b and

Figs. S6A-2-D-2) was bumpy particles agglomerate with different

postures. For instance, compared with PBA-1 (Fig. 2b), the parti-

cle structure of PBA-0.5 (Fig. S6A-2) surface was more difficult to

observe, which may be favorable to stability of catalyst. Whereas,

PBA-1 had more channels on the surface based on tightly bonded

particle structure, which was further determined via TEM images

(Figs. 2d and e). The special microscopic structure would induce

more reactive site in PBA-1. Moreover, the detailed microscopic

morphologies of PBAs were obtained under higher magnification

(×50.0k). Notably, the above particle agglomerates are composed

of nanoparticles. Seen from Fig. 2c and Figs. S6A-3-D-3, the particle

structure become firmer with the increase of Fe molar ratio. And

the size of nanoparticles which constituted the above-mentioned

particles was different in the agglomerate structure of as-prepared

PBAs. Fig. 2f and Fig. S6 depicted particle size distribution of PBA-

1, PBA-0.5, PBA-2, PBA-3 and PBA-4 samples, indicating that the

size of nanoparticles developed. Overall, the PBA-1 possessed more

pore structure on the surface and would provide more reactive site

to PMS and pollutants, and the tightly bonded particle structure

was easier to preserve during the reaction, as shown in Fig. S6.

Surface elements mapping of PBA-1 were shown in Figs. 2g-j,

revealing the existence of O, C, Fe and Co. Besides, the EDS spec-

trum depicted that the experimental molar ratio of Co and Fe were

close to designed theoretical stoichiometric value (Fig. 2k).

As shown in Fig. 2l, the XRD patterns of the as-obtained CoFe

PBAs show characteristic peaks of Prussian blue analogues with

face centered cubic structures (Co3[Fe(CN)6]·10H2O, JCPDS No. 46-

0907) [33,34]. The peaks at that were observed at approximately
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Fig. 2. (a-c) SEM and (d, e) TEM images of the Co1Fe1 PBA. (f) Particle size distribution of Co1Fe1 PBA. Elemental mapping images of (g) O, (h) C, (i) Fe and (j) Co of the

as-obtained Co1Fe1 PBA sample. (k) EDS spectrum of the as-obtained Co1Fe1 PBA sample. (l) XRD patterns of the as-prepared CoFe PBAs. (m) Tafel polarization curve and (n)

electrochemical impedance spectroscopy (EIS) plots of the as-obtained CoFe PBAs.

25° and 35°, are the (220) and (400) planes, and are slightly shifted

and broadened. The broadening of the XRD peaks can be related

not only to the degree of crystallinity, but also to the crystallite

size [35]. The crystallite sizes of the as-obtained PBAs were calcu-

lated from Scherrer’s formula (Eq. 1).

D = Kλ/β cos θ (1)

where K and λ (i.e., the wavelength of the X-rays) were 0.94 and

0.15418 nm, respectively. β and θ were the half width and half

Bragg’s angle of the peak. According to Scherrer’s formula and the

MDI Jade 6.0 software, the crystallite size of PBA-0.5, PBA-1, PBA-2,

PBA-3 and PBA-4 were confirmed to be 36.30, 29.55, 37.80, 35.87

and 37.47 nm, respectively.

The electron migration properties influence the pollutant oxi-

dation in the PMS activation process and excellent electron trans-

mission capability of the catalyst is to activating PMS and retaining

the catalyst activity [36–38]. In particular, electrons could attack to

the peroxide bonds of PMS and produce radical/nonradical reactive

species that are capable of SAM oxidation [39,40]. Furthermore,

the electrochemical performance is related to the catalyst stabil-

ity. We measured the electrochemical performance via Tafel polar-

ization curves and electrochemical impedance spectroscopy (EIS).

According to the Tafel polarization curves (Fig. 2m) obtained for

the PBA-0.5, PBA-1, PBA-2, PBA-3 and PBA-4, the corrosion cur-

rent values were calculated by the CHI660E electrochemical work-

station to be 9.637×10−6, 3.689×10−6, 2.209×10−6, 1.438×10−6

and 2.060×10−6 A, respectively. It was clear that PBA-1 and PBA-

0.5 exhibited a much higher corrosion current then the other cat-

alysts, indicating that PBA-1 and PBA-0.5 were with lower charge

transfer resistance and had higher electron transfer rate [41]. Nev-

ertheless, with respect to Co2+ release, PBA-1, which was with ex-

cellent electron transfer performance and catalytic capability, pos-
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Fig. 3. (a) Effect of pH on the degradation of SAM and (b) pH change (reaction conditions: [PBA-1]0 =60 mg/L, [PMS]0 =300 mg/L, [SAM]0 =10 mg/L, pH 3.03, 3.97, 5.16,

5.85, 7.02, 8.10, 9.01 and 10.11, reaction temperature=30 °C). (c) Zeta potential of PBA-1 under different pH values. (d) Effect of the radical scavengers on SAM degradation

in the PBA-1/PMS reaction system (reaction conditions: [PBA-1]0 =60 mg/L, [PMS]0 =300 mg/L, [Corresponding radical scavenger]=10 mmol/L, [SAM]0 =10 mg/L, pH 5.85

(unadjusted), reaction temperature=30 °C). (e) EPR spectra in various reactions (reaction conditions: [PBA-1]0 =60 mg/L, [PMS]0 =300 mg/L, reaction temperature=30 °C,
SAM was not added). (f) Fe 2p, (g) Co 2p and (h) O 1s XPS spectra of PBA-1 before and after five cycles of the SAM degradation reaction.

sessed more application potential than PBA-0.5. As shown in Fig.

2n, as the Fe molar ratio increases, a larger arc radius would form,

meaning that the resistance to electron transfer would increase.

Clearly, PBA-1 possessed an excellent electron transport property,

which resulted from an accelerated transfer rate and decreased

electrochemical impedance of electrons. Furtherment the improved

electrochemical property supported excellent PMS activation per-

formance of PBA-1.

We determined the influence these key reaction parameters: (1)

the catalyst dose, (2) PMS concentration, (3) initial pH, (4) temper-

ature and (5) the presence of background substances (i.e., humic

acid, Cl–, NO3
– and HCO3

–).

Previous studies have shown that the initial pH played an im-

portant role in the oxidation of pollutants [42,43]. We examined

PMS activation by PBA-1 for acidic (pH 3.03 and 3.97), weakly

acidic (pH 5.16), unadjusted (pH 5.85), neutral (pH 7.02), weakly

alkaline (pH 8.10 and 9.01) and alkaline (pH 10.11) pH conditions.

As show in Fig. 3a, the oxidation of SAM after a 40min reaction

was 51.2%, 58.0%, 59.5%, 76.1%, 69.8%, 64.7%, 61.5% and 71.5%, re-

spectively. It was obvious that the higher efficiencies (i.e., 76.1, 69.8

and 71.5%) were achieved at pH values of 5.85, 7.02 and 10.11. We

analyzed the experimental results as following:

(i) The form of SAM which was with a high reactivity toward oxi-

dants would increase removal performance at pH values of 5.85

and 7.02. In detail, SAM is a typical sulfonamide with a molecu-

lar structure similar to that of sulfamethazine. The amine group

on SAM is protonated under acidic conditions and transformed

into an anion under weakly acidic conditions when the sulfon-

amide NH group is deprotonated [42]. Moreover, the difference

between pH and catalyst pHpzc have influence in wastewater

treatment. As depicted in Fig. 3b, the catalyst pHpzc is below

than zero and similar to each other, which favors the genera-

tion of a negative surface charge on the PBA-1. This negative

charge would inhibit the electrostatic interaction between the

catalyst surface and PMS species. Nevertheless, under different

pH conditions, there was no significant correlation between the

degradation trend of SAM and the change rule of pHpzc.

(ii) We had excellent oxidation performance under the alkaline

(pH 10.11) conditions and this experimental result is con-

trary to the results of previous studies [44,45]. To under-

stand how pH impacts the oxidation rate, it should be noted

that the ionized species of PMS are affected by pH. HSO5
−

is the dominant species at pH values<9.4, while SO5
2− is

the dominant species in strong alkaline solutions (HSO−
5 ↔

H+ + SO2−
5 ,pKa2,PMS = 9.4). Note that SO5

2− is less reactive than

HSO5
− [46]. As shown in Fig. 3c, we investigated the impact

of pH on SAM oxidation. The pH immediately decreased when

PMS was added into the solution because the pKa1 and pKa2 of

PMS are 0 and 9.4, respectively [27]. Accordingly, the reaction

solution became acidic when the initial pH was lower than 10.

When the initial pH was 10.11, the pH dropped to 7.50 after

5 min and was 6.30 after 40 min of reaction and weakly acidic

and neutral conditions are more favorable for SAM oxidation.

(iii) Meanwhile, evident decreases in the SAM degradation reaction

were observed under acidic (pH 3.03 and 3.97), weakly acidic

5



R. Guo, Y. Chen, Y. Yang et al. Chinese Chemical Letters 34 (2023) 107837

(pH 5.16) and weakly alkaline (pH 8.10 and 9.01) conditions.

Under acidic conditions (pH<5), hydrogen ions (H+) can scav-

enge for sulfate and hydroxyl radicals, which limits SA removal

processes [47]. When the pH increased to more than 7, the man

OH− ions present in the basic solution could activate PMS and

efficiently promote SAM degradation [47,48]. Correspondingly,

58.0% and 59.5% of SAM was removed at pH values of 3.97

and 5.16, respectively, and in the meantime, 64.7% and 61.5%

of SAMs were destroyed at pH values of 8.10 and 9.01. There-

fore, less SAM could be degraded under weakly acidic condi-

tions than under weakly alkaline reaction conditions. However,

the pH change was independent of the initial pH of the solu-

tion. In contrast to the system at a pH of 10.11, the pH values

of another system changed to approximately 3 after a 40 min

reaction. When the initial pH was fixed at 3.03, the pH became

2.91 after 2 min, and the SAM degradation efficiency was 51.2%

after 40 min. Based on the change in the pH, the SAM degrada-

tion reaction efficiency was limited under acidic (pH 3.03 and

3.97), weakly acidic (pH 5.16) and weakly alkaline (pH 8.10 and

9.01) conditions, which differed from the reaction efficiency ob-

served at a pH 5.85, 7.02 and 10.11.

The abovementioned results and discussion illustrated that the

PBA-1/PMS reaction system was tolerant to a wide pH range (pH

3.30-10.11). Particularly, the PBA-1/PMS reaction system performed

better in slightly acidic and neutral solutions. Most of the natural

water had a pH value of 5-9, and thus, the PBA-1/PMS reaction

system was suitable for practical wastewater treatment processes

[42].

Besides, the detailed analysis of the catalyst dose, PMS concen-

tration, and temperature were introduced in Text S4 (Supporting

information). As depicted in Fig. S7 (Supporting information), it

was found that PBA-1/PMS reaction system would be influenced

with co-existing substance. Results showed that the influence of

humic acid and selected three anions on SAM degradation was dif-

ferent. The detailed discussion was listed in Text S4 (Supporting

information).

The primary identification of the species was performed us-

ing different radical scavengers. As shown in Fig. 3d, the inhibit-

ing effect of ethanol was much higher than that of TBA, which

achieved SAM removal efficiency of 26.5% and 58.3%, respectively.

This fact proved that both of •OH and SO4
•− played important

roles in PBA-1/PMS reaction system, particularly, the involvement

of SO4
•− was dominant. To further verify •OH and SO4

•− gener-

ation during the PMS activation process, EPR measurement was

carried out. Fig. 3e shown EPR spectra of PMS in the presence of

DMPO which served as the free radical spin trapping agent. Clearly,

there was no noticeable signal when PMS existed in water alone,

indicating no formation of DMPO-adducts. However, when PBA-1

was added, signals of DMPO-•OH and DMPO-SO4
•− was detected,

that is, •OH and SO4
•− were produced in PMS activation with cat-

alysts addition. Moreover, the function of •O2
– was determined,

which could be identified via p-benzoquinone (BQ). Seen from Fig.

3d, with addition of BQ, SAM degradation efficiency reduced from

76.1% to 62.9%, implying that •O2
– took part in SAM destroy pro-

cess, whereas, did not act as major reactive oxide factors.

To further study the degradation mechanism of SAM in the

PBA-1/PMS reaction system, the intermediate products were de-

tected. All of the transformation products, formulas, m/z values and

proposed structures are listed in Table S1 (Supporting information).

By referring to the nitrogen rule and the analytical approaches de-

scribed in previous studies, reasonable pathways (Ⅰ, Ⅱ and Ⅲ) of

SAM in the PBA-1/PMS reaction system are depicted in Fig. S12

(Supporting information) and discussed in Text S5 (Supporting in-

formation).

The XPS spectrum showed that new peaks did not appear, prov-

ing the excellent stability of PBA-1 during the PMS activation pro-

cess. Fig. 3f shows the high-resolution Fe 2p spectra and the Fe

2p3/2 and Fe 2p1/2 peaks, which were centered at 708.1 eV and

720.9 eV, respectively, and demonstrated the existence of FeII in

form of [FeII(CN)6]
2–. The peaks at 709.9 eV and 723.5 eV were as-

cribed to FeIII of [FeIII(CN)6]
4– in the PBA framework. In addition,

the two satellite peaks centered at 712.6 eV and 725.6 eV indi-

cated the presence of FeIII [49,50]. It could be observed from the

Fe 2p spectrum of the used sample that the binding energy values

slightly shifted after the oxidation reaction. In contrast, the total

area of the peaks slightly decreased, implying that oxidation oc-

curred during the catalytic process. According to the areas of the

two characteristic binding energy peaks, the contents of FeIII and

FeII in the PBA-1 sample before the PMS activation process were

60.75% and 39.25%, respectively. Similarly, the contents of FeIII and

FeII in the PBA-1 sample after the five cycles of the reaction were

67.73% and 32.27%, respectively. According to previous studies, the

redox couple between FeII and FeIII did occur, thus assuring the

catalytic capability of PBA-1 (Eqs. 2–4). The intrinsic and gener-

ated FeII would have performance superior to that of PMS for SAM

removal [51]. Moreover, •O2
− is generated during a series of reac-

tions (Eqs. 2–5) [52].

FeII+2HSO5
− →2•OH+ SO4•− + SO4

2− + FeIII (2)

2•OH→H2O2 (3)

FeIII +H2O2 → FeII +HO2
• +H+ (4)

HO2
• → •O2

− +H+ (5)

The high-resolution Co 2p spectrum of PBA-1 before the reac-

tion (Fig. 3g) was well fitted with four contributions, including a

pair of spin-orbit doublets and their shakeup satellite peaks, in-

dicating the existence of CoⅡ [53–56]. After repeated SAM degra-

dation experiments, the Co 2p spectrum of PBA-1 depicted little

removal; however, two obvious peaks appeared at 796.2 eV and

780.2 eV, which were assigned to the Co 2p3/2 and Co 2p1/2 lev-

els, respectively, and illustrated CoⅢ generation. CoⅡ would serve

as reactive sites to react with HSO5
– (Eq. 6), thereby generating

abundant SO4
•−. Furthermore, the generated CoⅢ would accept

electrons from the lattice oxygen of HSO5
– (Eq. 7) to balance the

charge on the PBA-1 surface. In the meantime, many SO5
•– radi-

cals were produced. Because of its much lower reducing potential

(1.10 eV), the SO5
•– radical is not responsible for SAM oxidation. As

clearly seen from Fig. 3h, two characteristic peaks at 531.4 eV and

532.8 eV could be ascribed to hydroxyl groups (•OH) and adsorbed

molecular water and carbonates (H2O/CO3
–), and meanwhile, the

contents of •OH and H2O/CO3
– in the PBA-1 sample before the

PMS activation process were 14.53% and 85.47%, respectively. The O

1s spectrum obtained for the used sample was deconvoluted into

three peaks at 529.9, 531.4 and 532.8 eV, which corresponds to

contents of 12.34%, 13.20% and 74.46%, respectively. The new peak

at 529.6 eV was assigned to oxygen in the forms of O2
2−/O− [57].

The decrease in the lattice oxygen content might result from its

oxidization to O2 with the reduction of CoIII to CoII, indicating that

the adsorbed oxygen was able to form lattice oxygen depending on

the oxygen mobility of the oxygen vacancies [57,58]. Hence, SO5
•–

would transform to more SO4
•−, improving the SAM oxidation effi-

ciency (Eq. 8).

CoII +2HSO5
– →2•OH+ SO4

•− + SO4
2− +CoIII (6)

CoIII +2HSO5
– → SO5

•− + SO4
2− +CoII (7)
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Fig. 4. (a) Removal of SAM in the different reaction systems (reaction conditions: [PMS]0 =300 mg/L, [SAM]0 =10 mg/L, pH 5.85 (unadjusted), reaction temperature=30 °C).
SEM images of (b, c) bare PVDF, (d, e) PBA-1@PVDF. Cycle test of PBA-1@PVDF: (f) absorption spectra of the SAM solution and (g) SAM degradation efficiency (reaction

conditions: 5∗10 cm2 PBA-1@PVDF, [PMS]0 =300 mg/L, [SAM]0 =10 mg/L, pH 5.85 (unadjusted), reaction time=60 min, reaction temperature=30 °C). (h) XRD spectra of

PVDF, PBA-1 and PBA-1@PVDF before and after repeated SAM degradation reactions.

SO5
•− + O2– → SO4

•− +O2 (8)

Depending on the concentration of the ROSs (i.e., SO4
•−, •OH

and •O2
–) present in the PBA-1/PMS system, SAM would be ox-

idized (Eq. 9). Additionally, the catalytic capability of PBA-1 de-

pends on the excellent electron transfer and supports the face cen-

tered cubic structure. As a result, redox couple of the transition

metals would cycle back and forth until complete consumption of

PMS.

ROSs + SAM → · · · → Degradationproducts (9)

The excellent catalytic performance and stability of PBA-1 were

proven. However, because of the poor recovery of the nanopar-

ticles, the practical application of the as-obtained PBA-1 sample

would be hindered. To improve the ability to separate the cata-

lysts, the PBA-1 nanoparticles were assembled into a PBA-1@PVDF

composite membrane. Then, the physicochemical property and cat-

alytic capability of PBA-1@PVDF were measured and analyzed (as

shown Text S6 in Supporting information).

As seen from Fig. 4a, the adsorption capability of the PBA-1

powders, PVDF and PBA-1@PVDF was determined, corresponding

to the removal of 7.0%, 17.8% and 22.2% of SAM after 60 min, re-

spectively. The superior adsorption performance of PBA-1@PVDF

was ascribed to its tighter pore structure and smaller pore sizes,

which were favorable to SAM adsorption. With addition of PMS,

PBA-1 and PBA-1@PVDF exhibited an excellent catalytic capabil-

ity, but PVDF achieved a SAM degradation efficiency of 20.8% after

60min. These results indicated that PVDF had almost no catalytic

ability when used as a base of the as-prepared composite mem-

brane and mainly played roles in catalyst support and adsorption.

Figs. 4b-e depicted the surface microstructure of the as-prepared

PVDF and PBA-1@PVDF membranes. The PBA-1 nanoparticles that

were doped into PVDF played a dominant role in activating the

PMS process, so the PBA-1@PVDF/PMS reaction system achieved

71.7% degradation and 52.8% mineralization after 60 min (Fig. 4a

and Fig. S13 in Supporting information). For comparation, the SAM

degradation efficiency was 40.9% in PBA-1/PMS reaction system us-

ing a catalyst dosage of 20.0 mg/L. Therefore, with a relatively low

mass ratio of catalyst (approximately 21.12 mg/L), the as-obtained

composite membrane exhibited greater catalytic performance than

PBA-1 nanoparticles. In addition, due to the even distribution of

PBA-1 powder in the composite membrane, the agglomeration of

nanoparticles was avoided. Meanwhile, PBA-1 is tightly wrapped

in membrane matrix, so the physicochemical and catalytic prop-

erties of this membrane are more stable. As compared with the

PBA-1/PMS reaction system, significant decreases in the Co and

Fe leaching were observed in the PBA-1@PVDF/PMS system af-

ter a 60 min reaction. The Co leaching amount decreased from

0.259 mg/L to 0.018 mg/L, while the Fe leaching amount decreased

from 0.128 mg/L to 0.002 mg/L.

More importantly, the reusability of the PBA-1@PVDF compos-

ite membrane was an important issue for its potential applications,

and it was evaluated by performing ten consecutive reaction runs.

As shown in Figs. 4f and g, the SAM degradation efficiency ap-

peared to slightly decrease during the ten cycle experiments. Be-

cause SAM could not be directly mineralized in the degradation

process, but would generate a variety of degradation intermedi-

ates, resulting in the deformation of the absorption spectra (Fig.

4f). Moreover, the XRD spectrum of PBA-1@PVDF after repeated

catalytic reactions (Fig. 4h) also depicted the peak characteristic of

PBAs, proving the existence and stability of PBA-1 in the composite

membrane.

Overall, the abovementioned results confirmed that the PBA-

1@PVDF membrane exhibited an excellent catalytic performance,

a great separation and recovery ability, a much smaller demand

of PBA-1, a slightly lower toxic metal ion leaching, and an ad-

equate stability during the SAM degradation process. Therefore,

PBA-1@PVDF could be used to oxidize organic contaminants.

In this work, CoFe PBAs were successfully synthesized via a

facile co-precipitation treatment. Compared with other obtained

PBAs, PBA-1 was shown to exhibit an excellent PMS activation ca-

pability for eliminating SAM (10 mg/L) in aqueous solutions, result-

ing in a slightly low EE/O value (0.01019 kWh/L) and metal leach-

ing ([Co]=0.259 mg/L, [Fe]=0.128 mg/L). Furthermore, the influ-

ence of coexisting inorganic ions for various concentrations was

7
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investigated. In fact, the PBA-1 particles possessed a special pore

structure, an excellent stability and a tolerance to a wide pH range

during the SAM oxidation. Additionally, PBA-1 addition produced
•OH and SO4

•− and this was confirmed by the radical scaveng-

ing experiments and EPR. In addition, the reaction mechanism in

the PBA-1/PMS system was proposed based on the results of XPS,

and the decomposition pathways of SAM were proposed. Finally,

we synthesized a PBA-1@PVDF composite membrane, which could

be separated from reaction mixtures much more efficiently and

expediently compared with the PBA-1 powder. More importantly,

PBA-1@PVDF possessed good PMS activation capability and a great

reusability, and thus, it could be considered for practical applica-

tions.
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