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a b s t r a c t

In this study, natural mackinawite (FeS), a chalcophilic mineral, was utilized to prepare iron/copper

bimetallic oxides (CuO@FexOy) by displacement plating and calcination process. Various characterization

methods prove that Cu0 is successfully coated on the surface of FeS, which were further oxidized to

CuO, Fe3O4 and/or Fe2O3 during calcination process, respectively. CuO@FexOy performed highly efficient

capacity to activate PMS for the degradation of various emerging pollutants including sulfamethoxazole

(SMX), carbamazepine (CBZ), bisphenol A (BPA), 2,4-dichlorophenol (2,4-DCP) and diclofenac (DCF) in

aqueous solution. Complete removal of the above pollutants was observed after 8 min of CuO@FexOy/PMS

treatment. Taking SMX as an example, the key parameters including CuO@FexOy dosage, PMS dosage

and initial pH were optimized. The results show that the catalytic system can be worked in a wide pH

range (3.0-9.0). The quenching experiments and electron spin resonance (ESR) test demonstrated that the

main reactive oxygen species in CuO@FexOy/PMS system were hydroxyl radicals (•OH) and sulfate radicals

(SO4
•¯), and SO4

•¯ was the primary reactive species. Besides, the influence of coexisting anions (i.e., Cl¯,
NO3¯, HCO3¯ and H2PO4¯) for the degradation of SMX was explored. CuO@FexOy/PMS system can main-

tain good catalytic activity and reusability in different water bodies and long-term running. This work

provided a green strategy to fabricate the efficient catalyst in PMS-based advanced oxidation processes.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The health and environmental problems caused by antibiotic

abuse have become a consensus. In recent years, tetracyclines, sul-

fonamides and quinolones have been detected in surface water,

groundwater, drinking water and effluent from sewage treatment

plants [1,2]. Antibiotic pollutants have the characteristics of diffi-

cult biodegradation, strong biological toxicity, easy to cause bacte-

rial resistance and resistance genes. Sulfamethoxazole (SMX), as a

typical sulfonamide antibiotic, has been widely used for the treat-

ment of veterinary disease, respiratory tract, urinary tract infection,

and other diseases. Although it has low concentration in the actual

environment, it will exist for a long time and accumulate continu-

ously, which are harmful to water environment and human health
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[3–5]. How to scientifically and effectively remove environmental

residual antibiotics has become a key problem to be solved.

Advanced oxidation processes (AOPs) have shown outstand-

ing ability in the treatment of organic pollution wastewater [6–

8]. Among diverse AOPs, sulfate radicals based-advanced oxidation

processes (SR-AOPs) are proverbial to generate hydroxyl radicals

(•OH) and sulfate radicals (SO4
•–) by persulfate activation [9,10].

Previous works have found that some transition metals (Fe, Co, Ni,

Mn and Cu) and their metal oxides (Co3O4, Fe3O4, CuO, CoFe2O4

and CuFe2O4) could tellingly activate persulfate to generate SO4
•–

[11–14]. However, the active sites in the heterogeneous catalyst are

easily encapsulated inside the catalyst, resulting in lower catalytic

activity. Besides, the unavoidable leaching of toxic metal ions from

heterogeneous catalysts is also the major drawback in SR-AOPs.

Recently, natural minerals enriched in transition metals as het-

erogeneous activators have gained increasing attention in water

treatment due to their abundant, low cost and widespread source

[15–17]. Natural mackinawite is a non-toxic mineral that can be

https://doi.org/10.1016/j.cclet.2021.07.029
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Fig. 1. (a) Schematic illustration of the preparation process of CuO@FexOy. SEM images of (b) pristine FeS, (c) Cu/FeS, and (d) CuO@FexOy; (e) the XRD patterns and (f) the

magnetic hysteresis loop, (g) N2 adsorption-desorption isotherms of CuO@FexOy.

as the precursor with abundance to the more stable iron sulfide

minerals [18,19]. Natural mackinawite is mainly composed of iron

sulfide (FeS) and has long-term stability in anoxic sediments. Due

to the chalcophilic nature, FeS can capture many divalent metals

through forming surface complexes [18]. Inspired by this charac-

teristic, Cu0 can be coated on the surface of FeS particles to form

core-shell structure. After calcination process in air atmosphere,

Cu0 on the surface can be oxidized to CuO with high catalytic ac-

tivity. FeS inside the core is decomposed, and SO2 escapes from

the core and leaves pores on the catalyst to form a porous struc-

ture Eqs. 1 and 2. In this study, natural mackinawite was utilized to

prepare iron/copper bimetallic oxides by displacement plating and

calcination process to activate PMS for the degradation of emerg-

ing contaminants in aqueous solution.

4FeS + 7O2 → 2Fe2O3 + 4SO2 (1)

3FeS + 5O2 → Fe3O4 + 3SO2 (2)

As shown in Fig. 1a, the CuO@FexOy particles were prepared by

displacement plating with Cu2+ and calcination process in air at-

mosphere. Scanning electron microscope (SEM) image of raw FeS

clearly shows that the surface of the material is smooth and free

of pores (Fig. 1b). The material presents irregular particle shape

when Cu loading on the surface of FeS (Fig. 1c). However, as shown

in Fig. 1d, it is observed that there are a lot of pores on the sur-

face of CuO@FexOy particles, which indicates that a good core-shell

structure with pores has been successfully prepared.

The crystalline phases and chemical structures of CuO@FexOy

particles were determined by X-ray diffraction (XRD). As shown

in Fig. 1e, the diffraction peak at 35.7° is corresponding to the

111 crystal plane compared with the standard card of CuO (JCPDS

No. 44–0706) [20], indicating that CuO has successfully covered on

the surface of FexOy. The diffraction peaks at 24.38° and 33.15°
correspond to the 104 and 110 crystal planes of Fe2O3. The XRD

results of 35.7° and 62.9° correspond to the 311 and 440 crys-

tal planes of Fe3O4 [21]. The valence states of CuO@FexOy were

measured by X-ray photoelectron spectroscopy (XPS) and shown

in Fig. S1 (Supporting information). The detailed scan of Cu 2p dis-

plays that element Cu in CuO@FexOy mainly exists in form of CuO,

and the valence states remained unchanged during the reaction,

which proves that the activation of PMS by CuO was a catalytic

reaction (Fig. S1b) [22]. The peaks at 710.9 and 724.4 eV corre-

spond to Fe 2p3/2 and Fe 2p1/2 of Fe3O4 while the peak at 713.4

eV relating to Fe 2p3/2 of Fe2O3 [11], indicating the iron on the

surface of FeS particles in CuO@FexOy is oxidized to a certain ex-

tent, and the used catalyst of Fe(III) on the surface of Fe 2p is par-

tially converted to Fe(II) (Fig. S1c). In summary, the CuO@FexOy

catalyst has been successfully prepared. The magnetic properties

of CuO@FexOy are verified by M-H curve analysis, and the results

are shown in Fig. 1f. The M-H curve reflects the saturation mag-

netization of CuO@FexOy before and after the reaction is about

5.4 emu/g and 7.6 emu/g, respectively. In addition, the inset im-

age of Fig. 1f shows that the CuO@FexOy was quickly attracted by

the external magnet to achieve excellent magnetic separation per-

formance, which is conducive to the recovery and recycling of the

catalyst.

The surface area and pore-size distribution of CuO@FexOy were

analyzed by Brunauer-Emmett-Teller (BET) measurements (Fig. 1g).

The result indicates that specific surface area of CuO@FexOy is 8.68

m2/g. In summary, the porous structure of the catalyst can provide

more active sites. The pollutants and oxidant molecules can easily

adhere to the surface and smoothly diffuse into the pores, which

is beneficial to promote the catalytic process [23].

The SMX removal efficiencies in different systems are illus-

trated in Fig. 2a. It can be observed that negligible removal of

SMX was performed in sole CuO@FexOy, sole PMS, Fe3O4/PMS

and Fe2O3/PMS systems. While CuO can catalyze PMS to remove

about 40% of SMX, surprisingly, CuO@FexOy performed highly

efficient activation of PMS for the degradation of SMX. Com-

pletely SMX removal was achieved in the case of CuO@FexOy/PMS

system. Fig. S2 (Supporting information) also shows that the

kobs of CuO@FexOy/PMS system was 0.778 min−1, which was

much higher than those of control systems. Besides, the leached
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Fig. 2. Degradation efficiency of SMX in different systems. The concentration of metal ions in homogeneous reaction process is the same as that of leached metal ions.

Experiment conditions: [catalyst] = 0.3 g/L, [PMS]0= 0.3 mmol/L, [SMX]0= 5 mg/L, solution pH 6.5.

concentrations of metal ions were also monitored in this process.

The result illustrates that only 0.15 mg/L of iron ions and 1.21 mg/L

of copper ions were leached in CuO@FexOy/PMS system, respec-

tively. Therefore, the homogeneous catalytic reactions of metal ions

were also determined by using the same concentration of leaching

metal concentrations. It can be seen from Fig. 2b that the degrada-

tion efficiency of SMX by Fe2+/PMS is about 27%, which is higher

than that of Cu2+/PMS system (about 10%). The removal rate of

Fe2+/Cu2+/PMS system (about 30%) on SMX is only slightly higher

than that of Cu2+/PMS. The above results indicated that heteroge-

neous CuO@FexOy performed highly efficient to activate PMS for

SMX degradation.

The effects of key parameters were also evaluated including

catalyst dosage, PMS dosage and initial pH. As shown in Fig.

S3 (Supporting information), with the increase of the catalyst

dosage, a significant increase in SMX degradation can be observed.

The degradation rate rapidly increases to 100% within 8 min in

CuO@FexOy/PMS system as the catalyst dosage gradually increases

to 0.3 g/L. A high concentration of catalyst can achieve the pur-

pose of rapid degradation of SMX. Besides, when the PMS concen-

tration increased from 0.05 mmol/L to 0.30 mmol/L, the SMX re-

moval was positively correlated with the PMS concentration, and

the degradation rate of SMX increased from 32% to 100% (Fig. S4

in Supporting information). Compared to Mn-based bimetallic ox-

ides which are also used to degrade some emerging organic con-

taminants in the presence of PMS. Mn-Fe layered double oxides

and amorphous MnO2 in-situ anchored titanate nanotubes have

lower removal efficiency compared with CuO@FexOy. It takes ap-

proximately 20-30 min for them to get fully degradation [24–26].

Besides, some advanced Co-based materials/PMS systems like h-

Co(OH)2/PMS and CoM/TNTs0.5/PMS also cannot achieve complete

removal of pollutants within 8 min [24,27,28]. However, when the

dosage of PMS increase to 0.40 mmol/L, the degradation efficiency

of SMX was significantly inhibited, and the degradation rate of

SMX was only about 90% after 10 min of reaction. The reason for

the inhibition of degradation may be that PMS preferentially con-

sumes the free radicals generated in the system, resulting in the

decline of degradation efficiency. Finally, solution pH was also in-

vestigated in CuO@FexOy/PMS system. It can be seen from Fig. S5

(Supporting information) that CuO@FexOy/PMS system can achieve

a good degradation efficiency on SMX (above 90%) when the ini-

tial pH is in the range of 3.0-6.5. However, the degradation process

of SMX is slightly inhibited when the pH is alkaline. The reason

for the inhibitory effect under alkaline conditions is that the elec-

trostatic repulsion between CuO@FexOy and PMS is strengthened,

thus hindering the contact between the catalyst and PMS and the

target pollutants, and further hindering the mass transfer process.

Overall, CuO@FexOy/PMS system has a wide pH tolerance range in

the range of 3.0-9.0, which shows that this process has great en-

gineering application potential. After comprehensive consideration,

the initial pH of the original SMX solution without any adjustment

(pH 6.5) was selected in the subsequent experiments. As Fig. S6

(Supporting information) shows, the final pH ranges from 3.07 to

4.95 based on different reaction systems.

In addition, the investigation on interferences of inorganic an-

ions for SMX degradation in CuO@FexOy/PMS system was per-

formed. It can be seen from Fig. S7 (Supporting information)

that Cl− shows a significant promotion effect for SMX removal

when the concentration of Cl− is between 0 and 5 mmol/L in

CuO@FexOy/PMS system. Previous studies have shown that the im-

pact of Cl− on the degradation of pollutants in AOPs is very com-

plex. Cl− can react with PMS through electron transfer reactions to

generate more oxidative HOCl [29,30]. Wang et al. proved through

experiments that HOCl alone can directly oxidize SMX [24]. It also

preliminarily verified that the free radical pathway may be fol-

lowed in the degradation of oxidative SMX in this study. More-

over, NO3
− with various concentrations showed slightly inhibitory

effects on SMX degradation (Fig. S8 in Supporting information).

NO3
− reacts with free radicals to produce NO3

•, which has a weak

oxidizing capacity. The degradation rate of pollutants is inhibited

due to the consumption of free radicals. It can be seen from Fig.

S9 (Supporting information) that distinct inhibitory effects are ob-

served in the presence of HCO3
−. HCO3

− quickly reacts with SO4
•−

and •OH to produce CO3
• with lower oxidability. On the other

hand, HCO3
− can increase the solution pH to the alkaline condi-

tion, which would be a negative impact on SMX removal. Further-

more, an apparent inhibition was also observed even if 5 mmol/L

of H2PO4
− was added into the solution (Fig. S10 in Supporting in-

formation). The main reason is that H2PO4
− reacts with SO4

•− and
•OH to consume the active substances as a free radical quencher,

which inhibits the degradation of pollutants. Moreover, H2PO4
−

can form complex with Fe-based catalyst due to the affinity of

H2PO4
− with active sites on the catalyst surface, resulting in the

decline of degradation rate of SMX.

Scavenging experiments in various initial pH conditions were

conducted to gain insight into the degradation mechanism [11].

As shown in Fig. 3a, the degradation rate of SMX was suppressed

to 65% when 0.1 mol/L TBA was added to the system. It can

be concluded that •OH was involved in CuO@FexOy/PMS system.

However, the degradation of SMX was almost completely inhib-

ited in the presence of 0.1 mol/L EtOH. This result demonstrated

that both •OH and SO4
•− contributed to the degradation of SMX

in CuO@FexOy/PMS system. Furthermore, similar inhibitory effects

were observed in both acidic and alkaline conditions when TBA

and EtOH were introduced in CuO@FexOy/PMS system at initial pH

of 3.0 and 9.0. By comparing the suppressive efficiencies in vari-

ous initial conditions, it can be concluded that the primary reactive

species was SO4
•−.

To further verify the main reactive oxygen species (ROS) in

the CuO@FexOy/PMS system, 5,5-dimethyl-1-pyrrolidine-N-oxide
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Fig. 3. (a) Effects of different radical scavengers for the SMX degradation in CuO@FexOy/PMS system at initial pH of 6.5. (b) ESR spectra in CuO@FexOy/PMS system with

DMPO as the trapping agent. (c) Tafel polarization curves and (d) electrochemical impedance spectroscopic analysis of CuO@FexOy and Cu@FeS. Experiment conditions:

[catalyst] = 0.3 g/L, [PMS]0= 0.3 mmol/L, [SMX]0= 5 mg/L, TBA = EtOH = 0.1 mol/L, solution pH 6.5.

Fig. 4. The possible degradation mechanisms of SMX in CuO@FexOy/PMS system.

(DMPO) as spin-trapping agent was utilized in electron spin res-

onance (ESR) determination. Fig. 3b clearly showed that a typical

1:2:2:1 four-peak of DMPO-OH adduct (αN = 14.9 G, αH = 14.9

G) was detected in ESR spectrum, which illustrated •OH is in-

deed generated during the catalytic oxidation of the system. How-

ever, the signal of DMPO-SO4 is not shown in Fig. 3b. SO4
•− is

easy to react with water to transfer into •OH. Besides, DMPO-SO4

adducts are prone to nucleophilic substitution reactions and con-

verted to DMPO-OH. Furthermore, electrochemical measurements

were adopted by using Tafel and electrochemical impedance spec-

troscopy (EIS) to verify the electron migration rate of CuO@FexOy

and Cu@FeS. Tafel and EIS analysis both indicated that CuO@FexOy

performed higher electron transfer rate and better catalytic activ-

ity compared to Cu@FeS (Fig. 3c and d). This phenomenon can be

attributed to the high conductivity of bimetallic oxide that can ac-

celerate the charge transfer [14,31]. According to the above exper-

iments and analysis, the possible degradation mechanism of SMX

in CuO@FexOy/PMS system is illustrated in Fig. 4.

Additionally, SMX degradation efficiencies in different water

bodies are depicted in Fig. 5a. A slight drop of degradation effi-

ciency was observed in tap water and Yangtze River water. But

SMX can be also completely removed within 10 min. In terms

of the overall effect, the CuO@FexOy/PMS system showed excel-

lent catalytic oxidation capacity in different water bodies. It can

be seen from Fig. 5b that carbamazepine (CBZ), bisphenol A (BPA),

2,4-dichlorophenol (2,4-DCP) and diclofenac (DCF) can be com-

pletely removed within 8 min in CuO@FexOy/PMS system. There-

fore, the CuO@FexOy/PMS process has great application prospects

in the degradation of various emerging pollutants. Finally, five con-

secutive experiments of SMX degradation were conducted to eval-

uate the long-term efficiency of CuO@FexOy/PMS system. Fig. 5c

shows the degradation efficiencies of SMX in five consecutive ex-

periments by replacing the reactive solution of each cycle. The re-

sult indicated that CuO@FexOy/PMS system performed satisfactory

reusability during long-term running (e.g., completely degradation

of SMX was performed within 10 min after the fifth cycle). How-

ever, the degradation efficiencies of SMX gradually declined when

remained the solution and only add 5 mg/L of SMX after each con-

secutive experiment (Fig. 5d) [32,33]. The accumulation of degra-

dation intermediates can consume the ROS during consecutive ex-

periments, and then declined the removal rate of SMX in this

circumstance. Anyway, the results of cyclic experiments demon-

strated that CuO@FexOy/PMS system performed good activity for

long-term running.

In summary, CuO@FexOy bimetallic oxides were fabricated by

using chalcophilic natural mackinawite as the precursor. Various

characterization methods prove that CuO was successfully coated

on the surface of FexOy. It is also found that there were abundant

mesoporous structures on the surface of catalyst, which further en-

hances the catalytic performance for PMS activation. CuO@FexOy

has a much higher ability to activate PMS for the degradation of

SMX. Scavenging experiments and ESR analysis indicated that both
•OH and SO4

•¯ contributed to the degradation of SMX, and SO4
•¯

was the primary reactive species. Different types of emerging pol-

Fig. 5. (a) Degradation of SMX by CuO@FexOy/PMS in the presence of actual waterbody, (b) removal efficiencies of various pollutants in CuO@FexOy/PMS system. The long-

term efficiencies of (c) replacing the solution, (d) remains the solution and only add a certain amount of SMX after each consecutive experiment by CuO@FexOy/PMS system.
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lutants can be efficiently degraded by CuO@FexOy/PMS system. The

excellent magnetic properties are conducive to the recycling of the

catalyst and performed satisfactory reusability during long-term

running.
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