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a b s t r a c t

Activation of (bi)sulfite (S(IV)) by metal oxides is strongly limited by low electrons utilization. In this

study, two carbon-supported cobalt ferrites spinels (CoFe2O4 QDs-GO and CoFe2O4 MOFs-CNTs) have been

successfully synthesized by one-step solvothermal method. It was found that both catalysts could effi-

ciently activate S(IV), with rapid reductive dechlorination and then oxidative degradation of a recalcitrant

antibiotic chloramphenicol (CAP). Characterizations revealed that CoFe2O4 spinels were tightly coated on

the carbon bases (GO and CNTs), with effectiveness of the internal transfer of electrons. O2˙− was iden-

tified for the reductive dechlorination of CAP, with simultaneously detection of both •OH and SO4˙− re-

sponsible for further oxidative degradation. The sulfur oxygen radical conversion reactions and molecu-

lar oxygen activation would occur together upon the carbon-based spinels. Spatial-separated interfacial

reductive-oxidation of CAP would occur with dechlorination of CAP by O2˙− on the carbon bases, and

oxidative degradation of intermediates by SO4˙−/•OH upon the CoFe2O4 catalysts.

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

Medica, Chinese Academy of Medical Sciences.

As a broad-spectrum halogenated antibiotic highly active

against Gram-positive/negative bacteria, chloramphenicol (CAP) has

been banned by many countries for use in food-producing ani-

mals [1]. However, abuse of halogenated antibiotics in the past

decades has posed a serious threat on human health and the eco-

environment, owing to their potential carcinogenicity and produc-

tion of antibiotic resistant bacteria [2]. It is well known that CAP

is strongly recalcitrant to the conventional wastewater treatment

technologies, because of its stable molecular structure and bio-

toxicity to activate sludge [3]. Advanced oxidation processes (AOPs)

based on the generation of highly reactive hydroxyl radical (•OH)

and/or sulfate radical (SO4˙
−) have been widely acknowledged as

good alternatives for effectively destructing halogenated antibiotics

[4]. As compared to the non-selective •OH, SO4˙
− presents advan-

tages including higher oxidation potential (2.5–3.1V) in a wide pH

range and longer half-life (30–40 μs) [5], performing more selec-

tively with the organic compounds containing unsaturated bonds

or aromatic π electrons [6,7].

Recently, a novel AOP based on (bi)sulfite (HSO3
−/SO3

2−, S(IV))
has received great attentions [8], since S(IV) can generate SO3˙

−

and SO4˙
− by catalytic autooxidation process, equipped with the
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superiority of easy access and low cost [8,9]. However, the elec-

tron transfer pathways from S(IV) to SO4˙
− are long with inter-

ference side reactions, generally resulting in poor electron utiliza-

tion (SO4˙
− yield) rate of S(IV) [10,11]. Studies concerning het-

erogeneous catalysts of metal oxides such as α-Fe2O3,CuO,MnO2

and Co3O4, have been reported in improving the activation of

S(IV) [12,13]. Among them, spinel CoFe2O4 was demonstrated to

be effective for initializing S(IV) autoxidation to degrade meto-

prolol [14]. Despite the fact that Co/Fe bimetallic organic frame-

works (MOFs) [15,16] and the Co-Fe oxides quantum dots (QDs)

[17] have achieved high catalytic activities of S(IV), rational uti-

lization of the simultaneously generated reduced metal ions and

the co-existing O2 is rarely mentioned [18,19]. In the past years,

synthesis of metal-carbon based hybrids such as cobalt embed-

ded nitrogen-rich carbon nanotubes (Co@NC), has been found as

a promising way to enhance the catalytic performances of metal

(oxides) [20–22].

In this study, two modified cobalt ferrite (CoFe2O4 QDs and

CoFe2O4 MOFs) combined on two carbon materials (carbon nan-

otubes (CNTs) and graphene oxide (GO)) were successfully synthe-

sized by simple solvothermal method, respectively. Two CoFe2O4-

carbon catalysts, i.e., CoFe2O4 QDs-GO and CoFe2O4 MOFs-CNTs could

be efficient in activating S(IV) for rapid dechlorination of CAP. It

indicated that carbon-based spinels would be able to achieve the

sulfur oxygen radical conversion reactions and molecular oxygen
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activation together, probably achieving the reductive-oxidation of

halogenated antibiotics.

Both CoFe2O4 QDs-GO and CoFe2O4 MOFs-CNTs were prepared by

a facile hydrothermal strategy and subsequent calcination [23,24].

For synthesizing CoFe2O4 QDs-GO, 2.0mmol Fe(NO3)2·9H2O,

1.0mmol Co(NO3)2·6H2O and 0.75mmol sodium citrate were

dissolved in 100ml deionized water at 50 °C and stirred for

30min to form a clear solution. Subsequently, 25ml of 15%

NH3·4H2O was added dropwise, held at 70 °C for 2h, then 100mg

GO and 50ml absolute ethyl alcohol were added, followed by

1h of sonication. The resulted fuscous slurry was transferred to

a 100-mL Teflon-line stainless autoclave, sealed and maintained

at 180 °C for 20h. The cooled back products were washed and

dried overnight in vacuum at 60 °C. Finally, the as-prepared

product was annealed at 450 °C for 2h in Ar atmosphere. As

for making CoFe2O4 MOFs-CNTs, 0.83mmol of CoCl2·6H2O and

1.66mmol Fe(NO3)2·9H2O were mixed in 4mL ethyl alcohol and

4mL deionized water to obtain solution A. Meanwhile, 0.06 g CNTs

was intensively dissolved in 53mL DMF (N,N-dimethylformamide)

with addition of 1.1327g DHTA (2,5-dihydroxyterephthalic acid)

(solution B). The two obtained solutions were uniformly mixed

and transferred to a 100mL Teflon container at 135 °C for 24h.

The cooled product was centrifuged three times using methanol

and dried at 80 °C for 24h, followed by calcination at 800 °C for

2h at a rate of 5 °C/min in air.

Morphologies of the two catalysts were characterized by a field

emission-scanning electron microscopy (FE-SEM, EM3900M, ZEISS,

Germany) and a high-resolution transmission electron microscopy

(HR-TEM, Tecnai G2 F30 transmission electron microscope). X-

ray diffraction (XRD) was performed on a Seifert Iso-Debyeflex

2002 diffractometer using Cu-Kα radiation (wavelength=1.54 Å).

The generated reactive oxygen species (ROS) were examined by

an Electron paramagnetic resonance spectrometer (EPR, MEX-nano,

Bruker), the modulation frequency was 100kHz and the microwave

power were 15mW. Quantifications of the concentration of CAP

and released free chloride were carried out by a HPLC [25] and

an ion chromatography (Thermo Scientific - Dionex ICS-1600,

Metrosep A Supp 7–250 (250×4mm) column with 1.2mL/min

Na2CO3/NaHCO3 (4.5mmol/L/1.4mmol/L) as eluent), respectively.

Total organic carbon (TOC) of the solution was analyzed using a

multi TOC/TN 2100 Analyzer (Analytik Jena AG Corporation).

The degradation experiments of CAP were performed in a

250mL beaker at 25 °C. In a typical experiment run, the reaction

was started as adding 0.1 g/L of CoFe2O4 QDs-GO or CoFe2O4 MOFs-

CNTs into 250mL reaction solution contain 10mg/L CPA and

0.2mmol/L Na2SO3, the initial reaction pH was set as 9.0 [22].

The scavenging experiments were conducted with 500mmol/L

methanol (MeOH), tert–butyl alcohol (TBA) or 1500U/mL superox-

ide dismutase (SOD), respectively.

Fig. 1a shows that the CoFe2O4 QDs nanoparticles (5–20nm, Fig.

1b) has been successfully coated on the surface of GO, with partly

irregular agglomerations. HR-TEM image of the CoFe2O4 QDs-GO re-

vealed the good combination of the CoFe2O4 QDs and GO base, with

nanoparticles fringe spacings of 0.258nm, which correspond to the

interplanar CoFe2O4 QDs (311) direction. Fig. 1c exhibits a spindle

like morphology wrapped around CNTs for the CoFe2O4 MOFs-CNTs.

The related size of CoFe2O4 MOFs was in the range of 2–3μm (Fig.

1d), and CNTs was successfully coated upon the MOFs.

UV–vis DRS measurements of the two comparative materi-

als groups (Figs. 1e and f, Figs. S1a-f in Supporting information)

revealed that the calculated Eg values were 1.97, 3.03, 4.09 eV,

and 2.65, 2.63, 2.89 eV, respectively, corresponding to CoFe2O4 QDs,

CoFe2O4 QDs-GO, GO, and CoFe2O4 MOFs, CoFe2O4 MOFs-CNTs, CNTs.

This suggested that the electron-transfer efficiency in the carbon-

based CoFe2O4 catalysts would be effectively improved, since

the solid containing Fe3+ and Co2+ ions could introduce a new

level approaching to the conduction [26]. Figs. 1g and h showed

XRD patterns of the above materials, where the characteristic

peaks (220), (311), (400), (333), and (440) could be attributed to

the cobalt ferrite structure agreeing with the JCPDS (#22–1086)

data [27]. GO characteristic peaks (002) and structure of Fe-MIL-

88A can be also found in the spectra of CoFe2O4 QDs-GO and

CoFe2O4 MOFs-CNTs, respectively.

Furthermore, the FTIR spectra of the two carbon-based cata-

lysts (Figs. 1i and j) indicates appearance of two peaks at 1390 and

1560 cm−1, corresponding to symmetric and asymmetric stretch-

ing vibrations of COO− groups, respectively. The presence of typi-

cal Fe−O and Co−O vibrations, which centered at around 609 and

872 cm−1 [28], could assert the attendance of Fe and Co metals in

the CoFe2O4 spindles. In addition, the existence of surface hydroxyl

(OH) groups on CoFe2O4 QDs-GO and CoFe2O4 MOFs-CNTs could be

confirmed by the presence of a broad band at around 3420 cm−1

[29].

Fig. 2a illustrates the time-dependent degradation of CAP in

four comparative systems, i.e., the CoFe2O4 QDs-GO, GO/Na2SO3,

CoFe2O4 QDs/Na2SO3, CoFe2O4 QDs-GO/Na2SO3 systems. It was

found that the removal of CAP was negligible in the CoFe2O4 QDs-

GO alone system, indicating that CoFe2O4 QDs-GO CAP was

difficult to absorb CAP or activate O2. Both GO/Na2SO3 and

CoFe2O4 QDs/Na2SO3 systems could rapidly degrade a few of CAP

in the initial reaction time, but tended to slow degradation pat-

terns afterwards. This suggested that the fresh surface sites upon

GO or CoFe2O4 QDs could activate S(IV), while they were fast con-

sumed or covered. Moreover, the CoFe2O4 QDs-GO/Na2SO3 system

could achieve a significant synergy in the CAP degradation with

a pseudo first-order kinetic constant (kobs) of 3.67×10−2 min−1,

which was 6.1, 6.7 and 6.4 times larger than of the GO/Na2SO3,

CoFe2O4 QDs/Na2SO3 and CoFe2O4 QDs+GO (mechanical mixing)

S(IV) activation systems (Fig. S2a in Supporting information). This

result demonstrated that chemical coupling of CoFe2O4 QDs and

GO could greatly enhance the catalytic activation of S(IV) in the

system, possibly companying with obviously improved utilization

of the generated electrons [30].

Fig. 2b shows the simultaneous released chloride and consumed

sulfite in the above four comparative systems after 1 h of the re-

action time. It was very interesting to note that the CoFe2O4 QDs-

GO/Na2SO3 system could lead to an amazing amount of dissolved

chloride as 0.030mmol/L that was related closely to the degrada-

tion of initial 10mg/L CAP (Fig. 2a). However, marginal amounts

(< 1 μmol) of chloride were detected in the other three sys-

tems, indicating that the traditional activation of S(IV) by either

spinels (CoFe2O4 QDs) or carbon base materials (GO) would be not

able to induce direct reductive dechlorination of the recalcitrant

CAP. Moreover, it was also observed that the consumptions of sul-

fite well correlated with their degradation amounts of CAP in the

above four systems (Figs. 2a and b), at related stable molar ra-

tio �[S(IV)]/�[CAP] of about 6.5. This indicated that S(IV) was the

predominant electron contributor for CAP decomposition, and the

modification engineering between CoFe2O4 QDs and GO would alter

the electron utilization pathway of S(IV) activation to induce the

efficient direct dichlorination [31].

Fig. 2c exhibits the time-dependent CAP degradation in the four

comparative systems of CoFe2O4 MOFs and CNTs. Similar patterns

were observed as compared to the above GO groups. The mate-

rial CoFe2O4 MOFs-CNTs could absorb marginal amount of CAP (<

5.0%), and either CNTs or CoFe2O4 MOFs alone could only degrade

no more than 30.0% of the initial CAP. The mechanical mixing

of them (CoFe2O4 MOFs +CNTs) could not bring any synergy (Fig.

S2a). Like above, the CoFe2O4 MOFs-CNTs/Na2SO3 system achieved

great synergy in the CAP degradation, with the kobs of 3.45×10−2

min−1, that was 7.7, 5.1 and 8.2 times larger than of the CNTs,

CoFe2O4 MOFs, and CoFe2O4 MOFs+CNTs S(IV) activation systems. It
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Fig. 1. SEM and HR-TEM images of (a, b) CoFe2O4 QDs-GO and (c, d) CoFe2O4 MOFs-CNTs, respectively. UV–vis DRS spectra (e, f), XRD (g, h) and FTIR patterns (i, j) of the two

comparative materials groups (CoFe2O4 QDs-GO and CoFe2O4 MOFs-CNTs).

Fig. 2. Comparative CAP degradation and the related chloride releases with

Na2SO3 consumptions in the comparative systems: (a, b) CoFe2O4 QDs-GO,

GO/Na2SO3, CoFe2O4 QDs/Na2SO3, CoFe2O4 QDs-GO/Na2SO3, and (c, d) CoFe2O4 MOFs-

CNTs, CNTs/Na2SO3, CoFe2O4 MOFs/Na2SO3, CoFe2O4 MOFs-CNTs/Na2SO3 systems. Ini-

tial conditions were: 0.1 g /L catalyst, 0.2mmol/L Na2SO3, 10mg/L CAP, pH 9.0 and

25 °C.

also demonstrated that the chemical connection between CNT and

MOFs (Co-Fe) would improve the catalytic activity of S(IV) activa-

tion. Furthermore, the related results of chloride release and S(IV)

consumption evidenced that the rapid reductive dechlorination of

CAP occurred only in the CoFe2O4 MOFs-CNTs/ Na2SO3 system, even

the �[S(IV)]/�[CAP] were all at 6.7–7.2 for the four comparative

systems (Figs. 2c and d). It suggested that the adoption of differ-

ent types of carbon bases would be capable of inducing shift of

the electrons transfer pathway from sole S(IV) activation to plus

O2 activation [32].

As shown in Figs. S3a and b (Supporting information), negligible

total organic carbon (TOC) removal occurred in the CoFe2O4 QDs-

GO, GO/Na2SO3, and CoFe2O4 QDs/Na2SO3 system, indicating that

the catalyst adsorption and direct oxidation could hardly con-

tribute to the mineralization of CAP. In contrast, ∼70% of TOC

was removed in the CoFe2O4 QDs-GO/Na2SO3 and CoFe2O4 MOFs-

CNTs/Na2SO3 systems, which validated that the reductive and ox-

idative strategy proposed in this study could lead to greatly en-

hanced mineralization of CAP. The effect of pH on CAP degradation

was also conducted. As shown in Fig. S4 (Supporting information),

with the pH increased from 3 to 9, the CAP degradation efficiency

first increased and then decrease in both the CoFe2O4 QDs-GO and

CoFe2O4 MOFs-CNTs catalytic systems. The optimal pH value for sul-

fite activation is 9 (Figs. S4a and b).

Other two carbon-based catalysts, i.e., CoFe2O4 QDs-CNTs and

CoFe2O4 MOFs-GO were also synthesized by similar solvothermal

methods (Supporting information). Although the CAP degradation

in the two cases was not good, similarly effective releases of chlo-

ride were found (Figs. S2b and c in Supporting information). This

confirmed that the carbon bases could induce the generated elec-

trons from S(IV) activation to reduce their surface absorbed oxygen

[14], but the CoFe2O4 sites for the S(IV) activation may be astricted

due to inappropriate synthesis procedures [33].

Generation of ROS involved the CAP degradation in the re-

lated systems were examined by EPR and radical quenching

experiments. Notably, strong signals of O2˙
−, •OH and SO4˙

−

were detected in the CoFe2O4 QDs-GO/Na2SO3 and CoFe2O4 MOFs-

CNTs/Na2SO3 systems, whereas only slight signals of •OH and

SO4˙
− were observed in other four S(IV) activation systems, as

depicted in Figs. 3a-d. It revealed that single-electron reductive

activation of O2 on the base GO/CNTs would occur in the two

systems by obtaining electrons transferred from the S(IV) activa-

tion on CoFe2O4 QDs/MOFs. The generated O2˙
− could lead to re-

ductive dechlorination of CAP and efficiently release free chloride

(Figs. 2b and d) [34]. Meanwhile, the two CoFe2O4-carbon/Na2SO3

systems also produced more amounts of •OH and SO4˙
− dur-

ing the S(IV) activation reactions, which could cause rapid ox-

idative mineralization of the dechlorinated CAP intermediates. To

validate the role of SO3˙
−, EPR spectra with or without CAP

in CoFe2O4 MOFs-CNTs/Na2SO3 and CoFe2O4 QDs-GO/Na2SO3 systems

were conducted. As shown in Figs. S5a and b (Supporting informa-

tion), both the CoFe2O4 QDs-GO and CoFe2O4 MOFs-CNTs could ac-

tive sulfite to produce SO3˙
− free radical, but the addition of CAP

3
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Fig. 3. DMPO spin-trapping EPR spectra with (a, b) or without methanol solvent (c, d) in the eight systems (the comparative groups of CoFe2O4 QDs-GO and CoFe2O4 MOFs-

CNTs with Na2SO3 or not). (e, f) Effect of N2 sparing, methanol or SOD scavengers in on CAP degradation in the CoFe2O4 QDs-GO and CoFe2O4 MOFs-CNTs systems with Na2SO3.

Initial conditions were: 0.1 g /L catalyst, 0.2mmol/L Na2SO3, 10mg/L CAP, pH 9.0 and 25 °C.

posed negligible effect on the signal intensity of SO3˙
−, indicating

that SO3˙
− was not involved in the dechlorination and degradation

of CAP. SO5˙
− were not detected by EPR. It is generally considered

that SO5˙
− has no dehalogenation ability and its oxidation ability

is rather weaker than that of •OH or SO5˙
− [35].

Figs. 3e and f show that introduction of either MeOH, TBA

or N2 sparging strongly inhibited the degradation of CAP in the

CoFe2O4 QDs-GO and CoFe2O4 MOFs-CNTs S(IV) activation systems,

respectively. It suggested that both •OH and SO4˙
− were the main

ROS for CAP degradation in S(IV) systems, while O2 would cru-

cially participate in the SO4˙
− generation reactions [36]. Interest-

ingly, SOD, a common consumer for O2˙
− [37], could only partly

inhibit the CAP removal, presenting degradation patterns similar

to the CoFe2O4 QDs/MOFs/Na2SO3 systems (Figs. 2a and c) and also

negligible releases of chloride (Figs. S6a and b in Supporting in-

formation). However, trace of Cl− were detected in both MeOH

systems. The above result evidenced that the generated O2˙
−

would be predominant for the reductive dechlorination of CAP,

followed by subsequent (•OH and SO4˙
−) oxidative degradation

[38–40].

It was found that the dissolution of Co and Fe ions were

very trace and less than 10% of CAP was degraded with the ho-

mogeneous metal ions (Figs. S7a-c in Supporting information),

which suggested the main heterogeneous catalytic reactions. Be-

sides, sites-binding experiments by EDTA (Fe-Co sites) and phenan-

throline (Fe sites) were conducted respectively used for judging

sulfite binding-site. As shown in Fig. S7d (Supporting information),

the addition of EDTA and phenanthroline exhibited more strong

suppression in CAP degradation as compared to no addition cat-

alysts, suggesting that S(IV) would prefer to bond and activated at

iron sites of the catalysts.

The X-ray photoelectron spectroscopy (XPS) characterization

was conducted to monitor the valence state of Co and Fe on the

catalyst surface. As shown Figs. S8a-d and Table S1 (Supporting in-

formation), the valence state of Co and Fe remained unchanged

after the catalytic reaction. The result evidenced that Co and Fe

act as intermediaries in the process of electron transfer. To ex-

plore the stability of the catalysts, four consecutive cycles for chlo-

ramphenicol degradation using CoFe2O4 QDs-GO and CoFe2O4 MOFs-

CNTs were conducted, the results were displayed in Figs. S9a and b

(Supporting information). It can be found that the catalytic activity

of the CoFe2O4 QDs-GO catalyst decreases lightly, which might be

Fig. 4. A proposed mechanistic scheme of the spatial-separated reductive-oxidation

of CAP in carbon-based Co2FeO4 catalysts/S(IV) systems.

attributed to the detachment of the CoFe2O4 QDs component. Be-

sides, the CoFe2O4 QDs-GO catalyst shows a good stability for sulfite

activation and chloramphenicol degradation. These results indicate

that the origin of the active component could lead to different cat-

alytic stability [41].

A schematic for the reaction mechanism in the two carbons

based CoFe2O4 S(IV) activation systems could be therefore pro-

posed as presented in Fig. 4. The sulfur oxygen radical conver-

sion reactions and molecular oxygen activation would occur to-

gether upon the carbon-based spinels. S(IV) was first activated at

surface of the bonded CoFe2O4 the effective separation of gener-

ated electrons, followed by fast electrons transferring to the car-

bon bases and in-situ generation of SO3˙
− and then the sulfur

oxygen radical reactions (SO3
2– → SO3˙

− → SO5˙
− → SO4˙

−). Mean-

while, the absorbed O2 would obtain the electrons to generate

O2˙
−. Afterwards, spatial-separated interfacial reductive-oxidation

of CAP would occur with dechlorination of CAP by O2˙
− on the

carbon bases, and oxidative degradation of the dechlorinated inter-

mediates by SO4˙
−/•OH upon the CoFe2O4 catalysts.

This study has provided novel and easily prepared carbon-

spinels composite catalysts for S(IV) activation. It is of great im-

portance to develop an innovative catalytic oxidation technology

with the dual-function of reductive dehalogenation and oxidative

degradation of recalcitrant halogenated antibiotics.
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