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a b s t r a c t

Eggshell-loaded CoFe2O4 catalyst was synthesized via a convenient hydrothermal method during our

work, then the surface morphology and elemental composition of the composites were systematically

investigated. Performance of CoFe2O4/eggshell-activated peroxymonosulfate (PMS) system was evaluated

by selecting florfenicol (FF) as the model pollutant, and effects of operating parameters and water ma-

trices on the FF removal efficiency in this system were investigated. In addition, main radicals involved

in FF degradation were identified by EPR tests and radical quenching experiments, and possible mecha-

nism was proposed. The reduction of toxicity during FF degradation was confirmed, and in combination

with HP-LC tests, it was found that dehalogenation and defluorination were effectively carried out during

FF degradation. In addition, the prepared CoFe2O4 polyvinylidene fluoride (PVDF) membrane effectively

improved the stability of the material and reduced the precipitation of metals.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Florfenicol (FF) was successfully developed in the late 1980s as

a new broad-spectrum antibiotic of chloramphenicol for veterinary

use. It was estimated that more than half of antibiotic drugs failed

to be absorbed by animal gut. Subsequently, unabsorbed antibiotics

were likely released into the water environment through livestock

animals’ feces [1]. The presence of antibiotics in water environ-

ment would produce new antibiotic-resistant bacteria and genes,

which could adversely affect ecology and human health.

Advanced oxidation processes (AOPs) may provide effective

elimination methods of antibiotics. Due to the high oxidative po-

tential of hydroxyl radical (•OH) generated during these processes,

bio-refractory antibiotics could be decomposed into harmless prod-

ucts [2]. Jiang et al. successfully fabricated a novel electro-Fenton

membrane modified by graphene for low-concentration FF’s in-

situ elimination [3]. Liu et al. group reported the photodegrada-

tion of FF through UV irradiation, UV/H2O2 and UV/Fe(II) system

[4]. Among AOPs, sulfate radical (SO4
•–) based AOPs (SR-AOPs) can

produce SO4
•– for oxidizing most antibiotic pollutants without re-

striction to specific classes or groups of compounds [5]. Compared
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with •OH, SO4
•– has the advantages of higher standard reduction

potential, longer half-life, and higher reaction stoichiometric effi-

ciency [6].

Activating persulfate (PS) or peroxymonosulfate (PMS) through

various means [6] is the most common method to generate SO4
•–.

Compared with PS, PMS is easier to be activated because of it is

relatively less stable molecular structure (i.e., PS is symmetrical

and PMS is asymmetrical) and lower bond dissociation energies

[7]. In previous studies, Anipsitakis and Dionysiou pointed out that

Co2+ exhibited the highest PMS activation activity to produce SO4
•–

[8], while the dissolved cobalt may cause secondary pollution due

to its aqueous toxicity. Shih et al. stated that materials with the

general formula of AB2X4 structure could substantially immobi-

lize metal ions and reduce metal leaching rate [9]. On account

of its surface activity and ferromagnetic property [10], the spinel

cobalt ferrite nanoparticles (CoFe2O4) exhibited expected perfor-

mance in CoFe2O4 and PMS system. However, because of strong

magnetic property and great surface energy [11], CoFe2O4 nanopar-

ticles would agglomerate with each other extensively in solution

to form spherical aggregates, which greatly decrease their cat-

alytic oxidation efficiency [12]. To overcome this phenomenon, Tan

et al. utilized natural diatomite to mediate spherically monodis-

persed CoFe2O4 nanoparticles to elevate catalytic efficiency [13].

Li et al. used drinking water treatment residuals (WTRs) as the
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catalyst carriers to improve the dispersion of CoFe2O4 [14]. Other

measures, such as dispersing CoFe2O4 on biochar [15], montmo-

rillonite [16] and other carrier materials to improve the catalytic

activity.

The global annual output of eggshell is more than 50,000 tons,

which produces a lot of waste. Due to its magical ordered struc-

ture, eggshell, a unique natural biomaterial, can achieve a higher

surface area with fewer materials [17]. Different layers are de-

posited around the protein of the last segment of the hen’s oviduct,

and polycrystalline tissue is formed around the calcified eggshell,

which leads to the formation of many funnel-shaped pores on the

surface of the eggshell, which can provide a perfect biological plat-

form for nanoparticles [18].

Herein, for the first time, the synthesis of CoFe2O4 nanopar-

ticles anchored on the surface of eggshell (CoFe2O4/eggshell)

was reported. In order to reduce metal dissolution from powder

CoFe2O4/eggshell, corresponding polyvinylidene fluoride (PVDF)

membrane had been synthesized. Moreover, the catalytic mecha-

nism and degradation pathway were clarified.

The eggshells were collected in Danguiyuan canteen of Lanzhou

University, washed by ultra-pure water repeatedly, and then dried

and grounded into powder. More details of the materials and syn-

thesis method of CoFe2O4/eggshell and PVDF membrane could be

found in Text S1 (Supporting information). For details on the char-

acterization of materials and degradation experiment, see Text S2

(Supporting information). The details about the method to charac-

ter the PMS consumption were presented in Text S3 (Supporting

information), and the method to measure the biological toxicity

during the FF degradation was observed via activated sludge in-

hibition experiment, which was described in Text S4 (Supporting

information).

Pure eggshell, Co3O4, Fe2O3, CoFe2O4, and CoFe2O4/eggshell

composite samples were tested and characterized using X-ray

diffraction (XRD) analysis method, and data were presented in

Fig. S2 (Supporting information). According to the standard cards

shown in Fig. S2b, pure eggshell, Co3O4, Fe2O3, and CoFe2O4 are

all able to be matched with CaCO3 (calcite, JCPDS PDF #86–

2334), Co3O4 (cobalt oxide, JCPDS PDF #74–2120), Fe2O3 (iron ox-

ide, JCPDS PDF #72–0469), and CoFe2O4 (cobalt-iron oxide, JCPDS

PDF #03–0864) on standard cards. Notably, diffraction peaks at

23.059°, 29.404°, 35.980°, 39.419°, 43.171°, 47.508° and 57.416°
were observed in CoFe2O4/eggshell composites, which are indexed

to (012), (104), (110), (113), (202), (018), (122) and (208) planes of

CaCO3 (calcite, JCPDS PDF #86–2334) standard card, while peaks

at 18.239°, 30.063°, 35.451°, 43.472°, 57.166°, and 62.726° can be

matched to the (111), (220), (311), (400), (511), and (440) planes of

CoFe2O4 [19]. This indicated that CoFe2O4 nanoparticles had been

successfully loaded on the eggshell surface.

To further study the morphology of pure eggshell and

CoFe2O4/eggshell catalyst, SEM tests of which were recorded. SEM

analysis of pure eggshell, which exhibited in Figs. 1a and b, re-

vealed that it is typically porous structure with certain rough-

ness. This rough porous structure would be favorable for the sta-

ble anchoring and uniform of CoFe2O4 nanoparticles and also pro-

vide small molecular and electrolyte accesses [20]. Figs. 1c and d

showed that pure CoFe2O4 nanoparticles would usually present ir-

regular large block structure. From SEM images of eggshell sup-

ported CoFe2O4 nanoparticles (Figs. 1e and f), it could be ob-

served that the surface of eggshell became rough, which indi-

cated the successful immobilization and distribution of CoFe2O4

nanoparticles on eggshell surface. Meanwhile, we could also ob-

serve that when CoFe2O4 nanoparticles were loaded on eggshell,

the size and agglomeration of CoFe2O4 nanoparticles would be

controlled, and they could irregularly distribute on the eggshell

surface and pores, no longer present a large block structure or ag-

glomeration phenomenon, which would be conducive to the elec-

Fig. 1. SEM images of eggshell (a, b), CoFe2O4 (c, d), CoFe2O4/eggshell (40%) cata-

lysts (e, f).

tron transfer between CoFe2O4 and PMS and further degradation of

pollutants.

Transmission electron microscopy (TEM) was also utilized to

characterize the composite samples, so as to further investigate

morphology of the composite materials. The images are shown

in Fig. S3 (Supporting information). The lattice fringes with the

spacing of 0.486nm could correspond to the (111) crystal plane

of CoFe2O4, while the lattice fringes with the spacing of 0.294nm

and 0.255nm could be attributed to the (220) and (311) crystal

planes of CoFe2O4 crystal structure [21], respectively. Meanwhile,

lattice fringes with a spacing of 0.302nm were detected, which

could match with the (104) crystal plane of CaCO3 [22].

X-ray photoelectron spectroscopy (XPS) method was further

applied on prepared CoFe2O4/eggshell catalysts to obtain more

detailed composition of elemental species and chemical va-

lence states of elements, and XPS analysis data are shown in

Fig. S4 (Supporting information). The fine spectrum of C 1s of

CoFe2O4/eggshell catalyst was exhibited in Fig. S4a, where the

characteristic peak at 286.78 eV could be attributed to CO3
2–,

which originated from eggshell component, while the character-

istic peak at 285.00 eV could originate from the exogenous car-

bon used for calibration of the instrument. As shown in Fig. S4b,

the O 1s fine spectrum contained two characteristic peaks, the one

at 530.25 eV and the one at 532.4 eV representing the lattice oxy-

gen in catalyst and the oxygen or hydroxyl substances adsorbed

on material surface, respectively [23]. Fig. S4c illustrated the Ca

2p fine spectra, from which two peaks had been detected, peaks

at 348.22 eV and 351.14 eV indicating Ca 2p3/2 and Ca 2p1/2 hy-

bridization from CaO [24,25] in CoFe2O4/eggshell composites, re-

spectively. The fine spectra of Fe 2p were exhibited in Fig. S4d,

where six characteristic peaks were observed. Two of the peaks

located at 717.88 eV and 732.87 eV are satellite peaks, while the

two characteristic peaks at 710.81 eV and 712.80 eV are Fe 2p3/2

hybridization, while the two peaks at 724.43 eV and 727.31 eV are

Fe 2p1/2 hybridization [23]. And two peaks with binding energies

at 710.81 eV and 712.80 eV could be allocated to Fe(II) and Fe(III),

respectively [26]. Fig. S4e displayed the XPS spectra of Co 2p in

CoFe2O4/eggshell composites, where the two main signal peaks of

Co 2p3/2 (780.51 eV) and Co 2p1/2 (796.20 eV) could be observed.

A series of peaks could be isolated by analytical fitting with XPS-

3714



Y. Gao, Y. Han, B. Liu et al. Chinese Chemical Letters 33 (2022) 3713–3720

PEAK software, and two peaks with binding energies of 780.38 eV

and 795.67 eV represented Co(III) of Co 2p3/2 and Co 2p1/2, while

peaks with binding energies located at 781.58 eV and 796.79 eV

could correspond with Co(II) [26,27].

In addition, to analyze surface functional groups and molecu-

lar structure of CoFe2O4/eggshell composites, FT-IR tests were con-

ducted in this study, and data are exhibited in Fig. S5a (Support-

ing information). The characteristic peaks located near 3411.5 cm–1

and 3421.1 cm–1 could because of stretch vibration originated from

–OH in water molecules adsorbed on the catalyst surface [28], and

several weak peaks located near 2978.7 cm–1–2972.4 cm–1 could

represent the C=O functional group from carbonate [29] and C–H

stretching vibration [30]. While the characteristic peaks located at

2516.7–2518.0 cm–1 revealed the presence of CaCO3 in the compos-

ites [29]. The small spectral bands at 1796.6 and 1799.1 cm–1 might

originate from C=O stretching vibrations [31]. The presence of cal-

cite in CoFe2O4/eggshell catalyst could be revealed by the char-

acteristic peaks appearing around 712.1–712.5 cm–1, 874.9 cm–1–

875.8 cm–1, and 1422 cm–1 [31]. Notably, compared with FT-IR

spectrum of eggshell, spectrogram of CoFe2O4/eggshell composites

had two additional characteristic peaks, namely those observed

at 564.3 and 449.8 cm–1, which could represent Fe–O and Co–O

stretching vibrations, respectively [13]. And the characteristic peak

situated in 611.4 cm–1 in the spectrogram of the eggshell con-

firmed the presence of C–S bonds [32], which were mainly derived

from the proteins in the eggshell. And according to Nasrollahzadeh

et al. [33], during the synthesis of composite catalytic materials,

strong bonding interactions between metal and protein could ef-

fectively control the size and distribution of metal nanoparticles.

In this study, magnetic hysteresis loops of synthesized

CoFe2O4/eggshell composite were detected using a vibrating sam-

ple magnetometer (VSM), which was under an applied magnetic

field varying from −20 kOe to +20 kOe, and results are shown in

Fig. S5b (Supporting information). The M–H curves behaviors illus-

trated that the CoFe2O4/eggshell catalysts exhibited superparam-

agnetic properties with the saturation magnetization (Ms) value

of 34.505 emu/g. Furthermore, the CoFe2O4/eggshell composites

could be effectively separated by applying a magnetic field after

dispersion into aqueous solutions, as shown in Fig. S5c (Support-

ing information). Both phenomena indicated that the prepared ma-

terials had strong magnetic properties, which could be beneficial

for the recycling of catalysts during the water treatment process.

Meanwhile, specific surface area of eggshell and CoFe2O4/eggshell

composites was explored by taking the N2 adsorption-desorption

method. Apparently, compared with the eggshell with a specific

surface area of 3.1129 m2/g, CoFe2O4/eggshell composites pre-

sented a slightly smaller specific surface area of 2.2214 m2/g,

which demonstrated that the eggshell surface and pores were

loaded with CoFe2O4 nanoparticles.

To investigate heterogeneous catalytic performance, florfenicol

(FF) was chosen as a targeted contaminant. The concentration of

FF was monitored by HPLC, and corresponding standard curve of

concentration versus instrumental response values for FF was ex-

hibited in Fig. S6 (Supporting information).

In this study, adsorption effect of eggshell, CoFe2O4, and

CoFe2O4/eggshell composites on FF was firstly investigated, and it

was found that adsorption of FF by these three materials was not

significant (all less than 6%). Therefore, the adsorption effect could

be negligible. Meanwhile, experiments were also conducted to test

the FF removal efficiency by PMS alone and eggshell-activated PMS

system and the results revealed that PMS alone was not able to

degrade FF (less than 2% in 40min), and eggshell-activated PMS

system was not effective in degrading FF (12.7% in 40min), ei-

ther. CoFe2O4/eggshell composites with different eggshell contents

were prepared by hydrothermal method and their efficiency of

activating PMS to degrade FF was compared by degradation ex-

Fig. 2. HPLC spectra of FF degradation by CoFe2O4/eggshell (40%) and PMS system.

Experimental conditions: [PMS] = 0.96mmol/L, [Catalyst] = 0.4 g/L, [FF] = 10mg/L.

periments, and results were shown in Fig. S7a (Supporting in-

formation). It could be observed that CoFe2O4 could effectively

activate PMS and remove 95.2% FF within 40min. After loading

CoFe2O4 onto eggshell surface, with the increase of eggshell con-

tent (mass ratio), FF degradation efficiency in CoFe2O4/eggshell and

PMS system first increased, and then decreased. The reason for

this phenomenon might be that when CoFe2O4 nanoparticles were

loaded on eggshell, the size of CoFe2O4 nanoparticles would be-

come smaller and more dispersed, which could be conducive to the

contact between PMS and active sites, thus improving the degrada-

tion efficiency of FF. However, when eggshell mass ratio increased

(which corresponded to a decrease of CoFe2O4 mass ratio), the to-

tal active sites decreased, which in turn led to the decrease in FF

removal efficiency. Among them, the composite with 40% eggshell

mass ratio could reach the highest PMS catalytic activity and de-

graded 96.8% FF in 40min, and corresponding HPLC spectra dur-

ing FF degradation are shown in the Fig. 2. Therefore, the com-

posites with an eggshell mass ratio of 40% were chosen for sub-

sequent experiments in this study, and all subsequent references

to CoFe2O4/eggshell in this paper refer to the composites with an

eggshell mass ratio of 40%.

TOC is usually used to describe the mineralization efficiency

in containment oxidative degradation system. As described in Fig.

S7b (Supporting information), in CoFe2O4/eggshell and PMS sys-

tem, TOC concentration increased significantly in the first 5min,

which might be due to the dispersion of carbon content from

eggshell into solution. Then, TOC values decreased gradually with

the degradation process, which indicated that the PMS and the

radicals released from the PMS activation period further mineral-

ized organic substance in the solution. In 40min, TOC concentra-

tion in the system accounted for 57.0% of the original TOC concen-

tration. At the same time, the residual concentration of PMS was

also examined to characterize consumption rate of PMS, and 42.3%

(5min), 53.8% (10min), 68.6% (20min), 70.7% (30min) and 71.0%

(40min) of PMS were consumed. As shown in Fig. S7b, consump-

tion of PMS increased slowly after 20min, which was also consis-

tent with the variation pattern of the degradation efficiency of FF

with the reaction time.

Dosage of PMS played a crucial job in FF degradation process

on account of the generation of high active radicals during PMS

activation process. Various control experiments were conducted to

further explore the effect of the PMS dosage in CoFe2O4/eggshell

and PMS system towards FF degradation and the results were il-

lustrated in Fig. S8a (Supporting information). The study on the

effect of PMS dosage on FF degradation at the concentration of

0.32–1.6mmol/L was also included. With PMS dosage increased to

1.6mmol/L, FF degradation rate continually increased from 54.7%

to 97.2% in 120min, which was because of the increase of PMS

concentration accelerating the formation of active radicals. When
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dosage of PMS raised from 0.32mmol/L to 0.64mmol/L, degra-

dation efficiency and reaction constant increased synchronously.

However, in the interval of dosing from 0.64mmol/L to 1.6mmol/L,

the increment of these two data boosts was significantly reduced.

This might be that the utilization rate of active sites on the cata-

lyst surface had tended to saturation and PMS dosage had played a

critical role during the process when the PMS dosage is low, while

the influence of PMS on oxidation process decreased with the in-

crease of PMS dosage. Evidently, the elimination process of FF

mainly concentrated in the first 40min. Comprehensively, to save

the reaction time and cost and improve the reaction efficiency, our

group set the PMS dosage of 0.96mmol/L and 1.28mmol/L for fur-

ther optimization experiment and set the reaction time as 40min.

Concentration of catalysts was an important factor affecting the

organic pollutant elimination. Therefore, Figs. S8b and c (Support-

ing information) exhibited the degradation efficiencies of FF on

various catalysts concentrations (0.1–0.8 g/L) with the PMS dosage

is 0.96mmol/L or 1.28mmol/L. As presented in Fig. S8b and c,

since the concentrations of CoFe2O4/eggshell ranged from 0.1 g/L

to 0.8 g/L, FF removal rate raised to 96.9% with 1.28mmol/L PMS.

Meanwhile, when the dosage of PMS is 0.96mmol/L, the degra-

dation rate kept increasing from 64.1% to 96.8% as concentrations

of catalysts raised to 0.4 g/L. However, while the concentration of

catalysts was added to 0.6 g/L and 0.8 g/L, it exhibited a slight de-

cline in FF degradation efficiency compared with 0.96mmol/L PMS.

Seen from previous research reports, this phenomenon might be

attributed to the scavenging effect due to excessive catalysts input

[34]. Thus, 0.4 g/L catalysts and 0.96mmol/L PMS were chosen as

the optimal reaction conditions to eliminate FF in subsequent ex-

periments.

It is known that AOPs based on PMS activation to degrade con-

taminants would be affected by the initial pH values of the sys-

tem. Therefore, the removal efficiency of FF in CoFe2O4/eggshell

and PMS system with different initial pH values of 2, 4, 9 and

11 was investigated. Meanwhile, the degradation efficiency of FF in

this system at the original pH (pH 6.61) was also investigated for

comparison, and results were shown in Fig. S8d (Supporting infor-

mation). Through data analysis, it could be found that the change

of initial pH of the solution had limited effect on removal effi-

ciency of FF. Under the condition that initial pH value was not

adjusted, the oxidation degradation efficiency of FF could reach

the highest (96.8%) after 40min. And with the initial pH at 2, the

removal rate of FF could still reach 86.4%. When initial pH was

under acidic condition, the oxidative degradation efficiency of FF

in CoFe2O4/eggshell and PMS system decreased as the acidity in-

creased, which might be attributed to the ability of the widely

present H+ in the solution to scavenge the SO4
•– and •OH radi-

cals in the system under acidic conditions [35]. On the other hand,

acidic solution would corrode CoFe2O4/eggshell composites and

damage the structure of catalytic materials thereby reducing the

efficiency in activating PMS and ultimately reducing the degrada-

tion efficiency of FF. When the system’s initial pH was under al-

kaline conditions, FF removal efficiency decreased with the raise

of alkalinity. When system’s initial pH value was 9, FF degrada-

tion rate was 92.4% in 40min, while it was 11, removal rate of FF

was 87.3%. This phenomenon was because of system’s initial pH

value had determined the existing form of PMS. According to the

literature [36], PMS has two pKa values, < 0 and 9.4, respectively.

This means that when the pH of the solution is greater than 9.4,

the main existing form of PMS in the aqueous solution is SO5
2–,

and its reaction activity is much lower than that of HSO5
–, so the

proportion of SO5
2– in the system of pH 9 is lower than that of

the system of pH 11. Therefore, the more alkaline the system was,

the less HSO5
– could be activated to produce reactive radicals [37],

which led to the decrease in FF degradation efficiency. In addition,

the lifespan of SO4
•– and •OH radicals would decrease under alka-

line conditions, resulting in insufficient concentration of radicals to

diffuse into the solution and contact with pollutants for oxidative

degradation. Apart from these, the pH change as the reaction pro-

gresses was recorded in Fig. S9 (Supporting information). In sum-

mary, CoFe2O4/eggshell and PMS system had a higher tolerance to

initial pH of the solution. Under the original pH condition (6.61),

the degradation rate of FF was the highest, but with the increase

of acidity and alkalinity, FF degradation rate slightly decreased.

To investigate the influence of system temperature on FF

degradation, this study recorded the degradation rate of FF in

CoFe2O4/eggshell and PMS system under different temperatures by

adjusting the reaction temperature inside the thermostatic oscil-

lator. The results were exhibited in Fig. S8e (Supporting informa-

tion). Obviously, although the degradation rate of FF could already

reach 92.6% at the system temperature of 10 °C, the degradation

rate of FF could still be significantly improved with the increasing

of the system temperature, which indicated that the temperature

plays a facilitating role in the reaction. This was because temper-

ature could not only promote the activation efficiency of PMS, but

also accelerate the collision frequency between molecules on the

surface of catalytic materials [38].

To test the practicality of this system in real water, which con-

tains many ions and organic matter, the influence of co-existing

anions and organic matter in the solution system on FF elimina-

tion was investigated. By adding several typical co-existing anions

(e.g., Cl–, HCO3
–, NO3

– and H2PO4
–) and humic acid (HA) to the

target containment solution with different concentrations, the re-

moval efficiency of FF was recorded at regular intervals by quanti-

tatively adding catalyst and PMS to subsequently initiate the reac-

tion, and the results were present in Figs. S8f–j (Supporting infor-

mation). Fig. S8f exhibited FF removal efficiency in the system after

adding 5, 10, and 50mmol/L Cl– into the system. Compared with

the system without Cl–, the degradation rate of FF at 40min de-

creased rapidly to 24.61% after the addition of 5mmol/L Cl–. With

concentration of Cl– was added to 10mmol/L, FF elimination rate

at 40min decreased to 17.46%. This phenomenon was because the

addition of Cl– would consume PMS, radicals (SO4
•– and •OH) and

produce less active Cl2 [39], the process was shown in Eqs. 1–8.

However, with concentration of Cl– raised to 50mmol/L, compared

with the systems containing 5mmol/L and 10mmol/L Cl–, the ox-

idation degradation efficiency of FF increased significantly, reach-

ing 82.5% in 40min, but still lower than 96.8% in the system with-

out Cl–. This might be because with the increase of Cl– concentra-

tion, sufficient Cl– concentration could ensure the formation of rel-

atively high active Cl• and Cl2
•– [40] and thus relatively promoted

the degradation of FF. And Cl– would still consume PMS, SO4
•– and

•OH, which led to a still lower degradation efficiency of FF com-

pared to the system without the introduction of Cl–.

SO•−
4 + Cl− → SO2−

4 + Cl•, k = (3.2 ± 0.2) × 108 L mol−1 s−1 (1)

Cl− + C → Cl
•−
2 (2)

Cl• + Cl• → Cl2 (3)

Cl
•−
2 + Cl

•−
2 → Cl2 + 2Cl− (4)

•OH + Cl− → HOCl•−, k = (2.6 ± 0.6) × 108 L mol−1 s−1 (5)

HOCl•− + H+ → Cl− + H2O (6)

HSO−
5 + Cl− → SO2−

4 + HOCl (7)

3716



Y. Gao, Y. Han, B. Liu et al. Chinese Chemical Letters 33 (2022) 3713–3720

HSO−
5 + 2Cl− + H+ → SO2−

4 + H2O + Cl2 (8)

CO2 is one of the important components of air, and it can

form bicarbonate after dissolving in water, thus HCO3
– is often

widely present in nature water. Fig. S8g exhibited the influence

of introducing 5mmol/L, 10mmol/L and 50mmol/L HCO3
– into

the system on FF degradation efficiency. It could be observed

that various dosage of HCO3
– would inhibit the removal of FF in

CoFe2O4/eggshell and PMS system. With the increase of HCO3
–

concentration to 50mmol/L, FF degradation rate decreased from

41.74% to 7.46%, which is consistent with previous report [41],

which interpreted this phenomenon as the scavenging effect of

HCO3
– on SO4

•– and •OH. According to a previous study [42], NO3
–

could also have a scavenging effect on SO4
•– and •OH radicals, gen-

erating less reactive radicals and thus weakening the degradation

of FF in this system, as shown in Fig. S8h. According to Fig. S8i,

the addition of H2PO4
– exhibited a more pronounced negative ef-

fect on the degradation of FF, and the inhibitory effect intensi-

fied with the increase of H2PO4
– concentration. The reason for this

phenomenon could be the conversion of SO4
•– and •OH and the

generation of radicals with weaker oxidation capacity (as shown

in Eqs. 9 and 10. In addition, H2PO4
– also has strong affinity with

some transition metals and can bind with some transition metals,

thus weakening its activation effect on PMS [43].

SO•−
4 + H2PO4

− → SO2−
4 + H2PO4

•− (9)

•OH + H2PO4
− → OH− + H2PO4

•− (10)

The macromolecule humic acid (HA) is usually a complex or-

ganic substance formed by physical, chemical, and biological action

of animal or plant residues over a long period of time. It could be

observed from Fig. S8j that after HA was introduced into the sys-

tem, degradation reaction was slightly inhibited in the first 20min,

and this inhibition effect increased with the increase of HA dosage.

This was because HA could not only compete with the radicals in

aqueous solution [44], but also had a strong π-π bond stacking ef-

fect thus obscuring the active site of the catalytic material leading

to weakened activation of the material [45]. However, all experi-

mental groups added with HA could still obtain relatively high FF

removal efficiency at 40min, and inhibition effect of HA concen-

tration on final FF removal efficiency was not significant. This was

because a great quantity of radicals was released continuously dur-

ing PMS activation, which might partially degrade HA in the first

20min and retarded the inhibition effect of HA in second half of

the reaction.

For validating the practical application of CoFe2O4/eggshell and

PMS system, the effects of five different water matrices, which

include lake water, river water, tap water, industrial wastewater,

and ultra-pure water, on the elimination efficiency of FF was eval-

uated. Some of the water quality indicators for different water

matrices were listed in Table S1 (Supporting information). Corre-

sponding removal data were plotted as in Fig. S10 (Supporting in-

formation), which exhibited that the removal efficiency of FF by

CoFe2O4/eggshell and PMS system in ultrapure water (96.8%) was

much higher than that of river water (37.8%), tap water (34.4%),

lake water (30.6%) and industrial wastewater (22.7%). The alkalin-

ity, TOC, and natural constituents in water body, including nat-

ural organic matter (NOM) and dissolved organic matters (DOM)

[46], could show adverse influence on FF degradation. In addi-

tion, natural colloidal particles (NCPs) with particle sizes in range

of 1nm~1μm, which widely disturbed in natural water body [47],

could also contribute to the inhibition effect. Therefore, the degra-

dation efficiency of FF would be inhibited in natural waters such as

lake water and river water. Meanwhile, owing to higher alkalinity

of the lake water, FF degradation efficiency in lake water would be

easier to be inhibited than that in river water [47]. Moreover, the

inhibition of FF degradation rate in tap water may come from dis-

infectants and their by-products, such as hypochlorite (HClO). The

industrial wastewater we used for the experiment is petrochem-

ical wastewater from Lanzhou Petrochemical Company in Gansu

Province. The lowest removal efficiency (22.72%) was achieved in

the reaction conducted in petrochemical wastewater, which could

likely be ascribed to the existence of higher concentration of total

nitrogen, chemical oxygen content, and hydrocarbons, chlorinated

chemicals [48].

Degradation of contaminants in aqueous solutions by hetero-

geneous activated PMS is a complex process during which vari-

ous radicals will be generated, including SO4
•– and •OH, etc. In

order to identify the reactive radicals produced during the degra-

dation of FF by CoFe2O4/eggshell and PMS system, electron para-

metric resonance (EPR) method was adopted and the results were

present in Fig. 3. Clear characteristic peaks of DMPO-•OH could

be observed in Fig. 3a [49], but it is difficult to discern the pres-

ence of the characteristic peaks of DMPO-SO4
•– and DMPO-O2

•–.

This phenomenon suggested that CoFe2O4/eggshell was able to ef-

ficiently activate PMS and release a large amount of •OH. To verify

the presence of O2
•– in the system, EtOH was added to the reac-

tion system to quench the SO4
•– and •OH radicals in the system,

and samples were taken and tested by EPR, the results of which

were shown in Fig. 3b, where the spurious peaks appeared in

the graph. The weakened characteristic peak belonging to DMPO-
•OH was identified at the same position in Fig. 3b according to

the position of the DMPO-•OH characteristic peaks from Fig. 3a,

and sixfold peaks of DMPO-O2
•– was also identified, which in-

dicates the presence of O2
•– in the system. Meanwhile, EPR test

using TEMP as spin-trapping regent was also performed, and as

shown in Fig. 3c, a triple peak of TEMP-1O2 was observed [49],

and it could be concluded that 1O2 was also generated during the

reaction.

To determine the contribution of various free radicals to

the degradation of FF in the CoFe2O4/eggshell and PMS system,

methanol (MeOH) and tert-butanol (TBA) were mixed into the

system for radical quenching experiments. The reaction rate con-

stant for the scavenging effect of TBA on the SO4
•– are about (4–

9.1) × 105 L mol–1 s–1, while reaction rate constant for the elimi-

nation effect on •OH is about (3.8–7.6) × 108 L mol–1 s–1, so TBA

can be used to inhibit •OH, while MeOH can effectively scavenge

SO4
•– and •OH radicals [50,51]. From Fig. 3d, FF removal efficiency

was significantly inhibited in all CoFe2O4/eggshell and PMS sys-

tems with the addition of 10–100mmol/L MeOH and TBA. The re-

moval efficiency of FF was lower than 9% in all groups, and inhibi-

tion effect caused by MeOH was slightly stronger than that by TBA.

In all the groups added with MeOH, FF hardly degraded. In addi-

tion, sodium azide (NaN3), which mainly shows active toward 1O2

(k =1.0×109 L mol–1 s–1) [52], had been used as quenchers to de-

termine the contribution of 1O2 to FF removal. Fig. 3d revealed that

FF degradation was barely inhibited by the addition of 1mmol/L

NaN3, and FF removal efficiency hardly increased or decreased af-

ter increasing the concentration of NaN3. This illustrated that NaN3

has no inhibitory effect on FF degradation in this system, and the

role of 1O2 could be ignored, which was corresponded with pre-

vious report [53]. By comparing the difference in the efficiency of

FF degradation between the systems with the addition of TBA and

MeOH at the same concentration, it could be concluded that •OH

played a major role in the system of CoFe2O4/eggshell and PMS,

while SO4
•– only played an auxiliary role.

Polyvinylidene fluoride (PVDF) membranes were synthesized to

reduce the metal release from CoFe2O4/eggshell. The surface mor-

phology of CoFe2O4/eggshell PVDF membrane was analyzed by

scanning electron microscopy (SEM). As shown in Fig. S11 (Sup-

porting information), the existence of pores on the membrane
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Fig. 3. EPR spectra in various reactions using DMPO (a, b) and TEMP (c) as spin-trapping regent, FF degradation in PMS activation system in presence of various scavengers

(d). Experimental conditions: [Catalyst]=0.4 g/L, [PMS]=0.96mmol/L, [FF]=10mg/L.

surface could be clearly observed. Energy dispersive spectrometer

(EDS) analysis was also performed (Fig. S12 in Supporting infor-

mation), which could clearly show that F, C, O, Ca, Fe and Co co-

existence in the CoFe2O4/eggshell PVDF membrane, indicating that

the CoFe2O4/eggshell PVDF membrane had been successfully syn-

thesized. Content of F and C was high, while content of Co and

Fe and Ca was low, which revealed that most of the components

in the membrane are PVDF substrate and the powder catalyst was

encapsulated within the PVDF substrate. In addition, the structures

of CoFe2O4/eggshell, PVDF membrane and CoFe2O4/eggshell PVDF

membrane were tested by X-ray diffraction (XRD) method, and the

data were shown in Fig. S13 (Supporting information). We could

observe that the XRD spectrum of the pure PVDF membrane in Fig.

S13 was consistent with the results of the relevant literature [54],

proving the high purity of the synthesized PVDF membrane. How-

ever, the XRD pattern of CoFe2O4/eggshell PVDF membrane had no

obvious characteristic peaks of CoFe2O4 and CaCO3, which might

be related to the low relative content of CoFe2O4/eggshell in the

membrane [55]. It is well known that the stability and reusabil-

ity of the catalytic materials used to activate PMS for the degra-

dation of pollutants are the key indicators for the evaluation of

catalytic materials. The specific operation of repeated experiment

could be viewed in Text S5 (Supporting information). In this study,

cycle experiments of CoFe2O4/eggshell and PMS system were con-

ducted for 7 times, and data were shown by Fig. S14 (Supporting

information). Composites were reclaimed through centrifugal sep-

aration method, washed by ethanol and ultra-pure water for sev-

eral alternating repetitions, and finally placed in an oven for dry-

ing, with the temperature adjusted to 60 °C. The cycle experiments

were carried out under the same experimental conditions. It could

be observed from the Fig. S14 that degradation efficiency of FF in

7 cycles of CoFe2O4/eggshell and PMS system in 40min are 96.8%,

90.9%, 91.0%, 91.1%, 89.9%, 89.0% and 88.1%, respectively. The degra-

dation efficiency in the cyclic experiments first decreased signif-

icantly, which might be because of metal’s precipitation, adsorp-

tion of intermediates on surface and the destruction of the com-

posite. The degradation efficiency afterwards slightly increased in

the 3rd and 4th cycling experiments, which might be due to the

destruction of the composite surface thus leading to the shedding

of the adsorbed intermediates and partial exposure of the active

sites, thus increasing the degradation rate. The degradation rate

decreased again in the 5th–7th cycle experiments, which might

be due to the further destruction of eggshell in the catalytic ma-

terial and the aggregation of the exposed CoFe2O4 nanoparticles

on the surface. In order to further observe the microstructure af-

ter reaction, the SEM image of CoFe2O4/eggshell after 7 times re-

peated experiment was displayed in Fig. S15 (Supporting informa-

tion). It could be observed that the eggshell had been corroded

to some extent, but CoFe2O4 nanoparticles were still loaded on

the surface of eggshell in a small form, and there was no ag-

glomeration. This could ensure full contact between the active

site of CoFe2O4 nanoparticles and PMS. Meanwhile, the reusabil-

ity and stability of CoFe2O4/eggshell PVDF membrane were also

tested. As we could see from Fig. S14, FF removal efficiency in

CoFe2O4/eggshell PVDF membrane and PMS system were 91.3%,

90.8%, 90.9%, 91.2%, 90.8%, 89.8% and 89.7%, respectively. After 7 cy-

cles, the removal efficiency of FF in CoFe2O4/eggshell PVDF Mem-

brane and PMS system decreased by 1.6%, which was much lower

than that in CoFe2O4/eggshell and PMS system by 8.7%, which in-

dicated that the PVDF membrane was more stable than the cat-

alyst powder. At the same time, the leaching amounts of Fe and

Co in CoFe2O4 and PMS system were 0.0257mg/L and 0.0320mg/L,

respectively. The leaching amounts of Fe and Co in CoFe2O4 and

PMS system were 0.0036mg/L and 0.0044mg/L. But the leaching

amounts of Fe and Co in CoFe2O4/eggshell PVDF Membrane and

PMS system were only 0.0013 and 0.0017mg/L, which are far lower

than the former two systems. It can be demonstrated that encap-

sulating CoFe2O4/eggshell in PVDF membrane could not only en-

hance the stability and reusability of the composite catalytic mate-

rial, but also control the metal precipitation.

In this study, variation of the microbial toxicity during the ac-

tivated oxidative degradation of FF by PMS was investigated using

the activated sludge inhibition method. As can be observed from

Fig. S16 (Supporting information), the initial FF solution (10mg/L)

could inhibit oxygen absorption by about 60.0%. With the degra-

dation of FF, inhibition rate of oxygen absorption obviously de-
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creased, indicating that FF was further degraded and mineralized

during the process with its intermediates, and the final inhibition

rate of oxygen absorption decreased to about 25.0%. It should be

noted that decrease degree of oxygen absorption inhibition rate in

the first 10min was significantly faster than that in the later re-

action period, which may be due to the decrease of the degra-

dation rate of FF intermediates because of the increase of in-

termediates’ concentration in this system. To further investigate

the degradation pathway of FF in this system, the intermediate

products during the FF removal process were detected by LC-MS

method. Based on the analysis of products’ fragment spectra and

relative molecular masses of deprotonated molecules, the possi-

ble degradation pathways of FF could be determined in Fig. S17

(Supporting information). The evolution of FF during the activa-

tion of PMS by CoFe2O4/eggshell for FF degradation was very com-

plicated. Broadly, it could be divided into three types of path-

ways: (1) Dehalogenation and/or hydroxylation, then hydrolysis of

amide bond, and then further oxidative degradation, (2) hydroxy-

lation of fluorine, then dehalogenation, followed by hydrolysis of

amide bond, (3) direct hydrolysis and then dehalogenation. Fol-

lowing these pathways, the products might further undergo de-

halogenation, defluorination, desulfurization, and oxidation reac-

tions to produce carbon dioxide, water, and small molecules. Par-

tial or complete dehalogenation and cleavage of C–F bond during

FF degradation could effectively reduce the antibiotic resistance

and toxicity of FF [56]. It could be observed from Fig. S17 that

most of the degradation paths had achieved the purpose of dehalo-

genation and defluorination, which also reflected the phenomenon

that the toxicity of the reaction process effectively decreased with

the reaction time. At the same time, the defluorination efficiency

was also monitored. Fig. S18 (Supporting information) showed that

defluorination efficiency in this system continued to increase with

the progress of the reaction, and it could reach 74.8% in 40min,

which was lower than the FF removal efficiency. This might be

the reason that some of small-molecular intermediates containing

fluorine hadn’t been further and completely degraded during the

degradation process.

In this study, the active radicals produced through the process

of PMS activation by CoFe2O4/eggshell were identified by the EPR

tests combined with radicals quenching experiments. It was con-

firmed that •OH and SO4
•– were the main radicals involved in the

degradation of FF in CoFe2O4/eggshell and PMS system. In order

to better understand the catalytic mechanism of FF removal in

CoFe2O4/eggshell and PMS system, XPS method was carried out to

compare the difference between fresh and used CoFe2O4/eggshell,

as shown in Fig. S4. According to the data, it could be observed

that the fine spectra of O 1s and Ca 2p in the CoFe2O4/eggshell

catalytic material exhibited little difference before and after 7 cy-

cles of experiments, while the fine spectra of Fe 2p and Co 2p

show more obvious changes. The XPS spectra of Fe 2p in the

CoFe2O4/eggshell composites before reaction can be divided into

Fe(II) and Fe(III), whose contents were 47.2% and 52.8%, respec-

tively, according to the integrated area of the spectra. And after the

reaction, relative content of Fe(II) decreases to 43.7%, while relative

content of Fe(III) increases to 56.3%. Meanwhile, after reaction, rel-

ative content of Co(II) in the composites decreased from 62.2% to

59.6%, and relative content of Co(III) in the composites raised from

37.8% to 40.4%. And from the C 1s fine spectrogram of the fresh

and used CoFe2O4/eggshell composites could be observed that the

content of CO3
2– decreases from 22.6% to 14.9%, which indicated

that the eggshell structure in the composites had been destroyed

and decomposed during the reaction. The above analysis revealed

that Fe(II) and Co(II) played a key role in the activation of PMS

by CoFe2O4/eggshell composites to degrade FF, and they were the

main contributors to the activation of HSO5
–, resulting in abundant

•OH and SO4
•–. According to the hypothesis described in the paper

Fig. 4. Proposed mechanism for the catalytic FF oxidation over the by

CoFe2O4/eggshell and PMS system.

published by academician Ma Jun of Harbin Institute of Technol-

ogy [10], metal ions could play the role of Lewis sites to bind with

H2O molecules, thus promoting the formation of active species on

cobalt ferrite’s surface by a large number of hydroxyl groups, as

shown in Eq. 11. PMS could also bind with cobalt-iron oxides via

hydroxyl groups in solution, and in this structure, cobalt would act

as an active site to transfer electrons. Electrons could be trans-

ferred by Co(II)-Co(III) to activate PMS and promote the fracture

of H–O and O-O bonds, then producing SO4
•– and SO5

•–, as shown

in Eqs. 12–14 [57], and SO5
•– could be further converted to SO4

•–,

SO4
•– could also react with H2O or OH– to form •OH. In addition,

PMS could also generate reactive radical species such as SO5
•– and

SO4
•– through Fe(III) activation on the surface of cobalt-iron ox-

ides, as shown in Eqs. 15 and 16 [13]. After that, as shown in Eq.

17, the oxidative degradation of FF was carried out by SO4
•– and

•OH produced by the above reaction. The process of FF degrada-

tion by CoFe2O4/eggshell activated PMS was roughly shown in Fig.

4.

≡Co2+ + H2O → ≡Co2+ − OH + H+ (11)

≡Co2+ − OH + HSO−
5 → ≡CoO+ + SO•−

4 + H2O (12)

≡CoO+ + H+ → ≡Co3+ + H2O (13)

≡Co3+ + HSO−
5 → ≡Co2+ + SO•−

5 + H+ (14)

≡Fe3+ + HSO−
5 → ≡Fe2+ + SO•−

5 + H+ (15)

≡Fe2+ + HSO−
5 → ≡Fe3+ + SO•−

4 + H2O (16)

•OH, SO•−
4 + FF → severalsteps → CO2 + H2O + products (17)

The CoFe2O4/eggshell composites were prepared by a sim-

ple and convenient hydrothermal synthesis method. After loading

on the eggshell surface, the size and agglomeration of CoFe2O4

nanoparticles were controlled and distributed irregularly on the

eggshell surface and in the pores. By optimizing the catalysts

dosage and the initial concentration of PMS, it was demonstrated

that total elimination rate of FF can reach 96.8% within 40min in

the system with CoFe2O4/eggshell (0.4 g/L) and PMS (0.96mmol/L).

Besides, batch of control experiments with different operation pa-

rameters and water matrices demonstrated the validity of the

CoFe2O4/eggshell to remove FF under various conditions. The rad-

icals in the reaction process were identified by EPR tests, and

the radical quenching experiments confirmed that SO4
•– and •OH

played a dominant role during the FF degradation process. Based

on these data, a possible mechanism for FF degradation in this
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system was proposed. Through activated sludge inhibition exper-

iments, it was found that the toxicity within the system decreased

as the reaction proceeded. The intermediates of FF were mea-

sured, and it was found that both dehalogenation and defluorina-

tion were effectively carried out during the degradation of FF. The

CoFe2O4/eggshell composites were loaded on the PVDF membrane

by the scraping method, which effectively improved the stability of

the material and controlled the metal precipitation.
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