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a b s t r a c t
Persulfate-based advanced oxidation processes have been widely considered efficient remediation 
methods, and ferrite is a satisfactory activator of persulfate (PS) for the removal of environmental 
pollutants. Herein, cobalt ferrite nanoparticles (nano-CoFe2O4) were synthesized by the co-precipi-
tation method and used to activate peroxymonosulfate (PMS) for the degradation of Congo red 
(CR) in aqueous solution. The results of characterization analysis showed that these nanoparticles 
exhibit an average crystallite size in the range of 13.96–25.17 nm, with a spherical structure, rich func-
tional groups on their surfaces, and excellent magnetic and thermal stability. Furthermore, degra-
dation experiments were designed to investigate the effects of a single factor, including the initial 
CR concentration, PMS concentration, catalyst dosage, initial pH and coexisting ions. The corre-
sponding removal behaviour is in good agreement with the pseudo-first-order dynamics model. In 
addition, in the nano-CoFe2O4/PMS system, according to the identification results of reactive oxy-
gen species, superoxide radical (•O2

–) and singlet oxygen radical (1O2) species were the major active 
species that degraded CR, and the mechanism of PMS activation was comprehensively proposed. 
Meanwhile, after nano-CoFe2O4 was used five times continuously, the CR removal efficiency in the 
nano-CoFe2O4/PMS system decreased by only 7%, indicating that the prepared catalyst has excel-
lent reusability. Therefore, the nano-CoFe2O4 synthesized in this research represents a novel, eco-
nomical and efficient activator of PMS for the degradation of organic dyes in industrial wastewater.
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1. Introduction

In recent years, organic dyes have been incorporated 
into several industries, including textile, printing and dye-
ing, papermaking, rubber, plastic, and food industries and 
other processing industries [1–3]. Moreover, most organic 
dyes with complex structural components cannot be eas-
ily removed from water, which also causes carcinogenic-
ity, sensitization and reproductive toxicity to the human 
body [4,5]. Congo red (CR) is an organic dye with a com-
plex aromatic structure and a typical azo dye that has two 

unsaturated chromogenic groups (azo groups) and four 
colour-assisting groups (amino groups and sodium sulfon-
ate groups), showing high thermal stability and reasonable 
physical and chemical stability [6,7]. CR is widely used to 
colour cotton fibres and to serve as an acid-base indicator 
in other industries, but it has a high loss rate during man-
ufacturing and use [8,9]. The discharge of CR wastewater 
into natural water not only leads to serious deterioration 
of water quality and prevents the growth of aquatic organ-
isms and microorganisms but also poses a serious threat 
to human health, such as dysfunction, carcinogenesis and 
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harm to unborn babies [10,11]. Therefore, developing new 
and efficient processing methods is crucial for the removal 
of azo dye pollutants from aqueous solutions.

At present, the effective removal methods of azo dyes 
mainly include biodegradation [12,13], adsorption [14,15], 
photocatalysis [16,17] and flocculation [18]. In addition to 
these traditional technologies, there has been a recent explo-
sion in advanced oxidation technology with fast speed, high 
efficiency and strong oxidation capacity for removing dyes 
[19,20]. Meanwhile, persulfate-based advanced oxidation 
processes have been gaining much attention over recent 
years, possessing the advantages of strong reaction stabil-
ity, mild reaction conditions and environmental friendliness 
[21]. In this system, the sulfate radical (SO4

–•, E0 = 2.5~3.1 V), 
which is generated during persulfate (PS) activation, pos-
sesses the ability to degrade strongly bonded organic con-
taminants to simple harmless molecules better than PS itself 
[22]. There are many methods used to activate PS, such as 
thermal activation, ultrasonic activation, ultraviolet acti-
vation, microwave activation, alkali activation, and transi-
tion metal activation [23]. The key limitation of the external 
energy activation methods not only requires relatively mas-
sive energy but also harsh reaction conditions [24]. Readily 
available metal materials that hardly require additional 
energy have attracted increasing attention.

In the process of using metal materials to activate PS, 
the surface of the catalyst plays an important role in the 
catalytic process because the reaction is often carried out 
on the surface of the catalyst [25,26]. Consequently, metal 
nanoparticles with special mechanical, magnetic and opti-
cal properties have been gaining importance in persul-
fate-based advanced oxidation systems due to their small 
particle size, large specific surface area and high specific 
surface energy [27]. Among them, cobalt ferrite nanoparti-
cles (nano-CoFe2O4) have astonishing stability, magnetism, 
recyclability and synergistic effects between Co and Fe, mak-
ing them a good choice as PS activators [28]. Additionally, 
nano-CoFe2O4 greatly reduces the leaching rate of heavy 
metals from the solid phase due to its unique and stable 
spinel structure [29]. Nevertheless, in previous research, 
nano-CoFe2O4 as a catalyst for peroxymonosulfate (PMS) 
has not been reported for dye degradation.

In this research, nano-CoFe2O4 was synthesized by a 
co-precipitation method and used to activate peroxymono-
sulfate (PMS) for the degradation of CR. The main purpose 
of the article is to (1) characterize the synthesized nano-
CoFe2O4 by a comprehensive characterization method and 
analyse the physical characteristics of the synthesized cata-
lyst; (2) analyse and discuss the effect of different influenc-
ing factors on the degradation efficiency of CR and carry 
out pseudo-first-order kinetics studies; (3) clarify the pos-
sible mechanism of PMS activation by nano-CoFe2O4; and 
(4) research the stability and reusability of nano-CoFe2O4.

2. Experimental

2.1. Chemicals and reagents

Congo red (C32H22N6Na2O6S2), iron nitrate hydrate 
(FeN3O9·9H2O), cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 
99.99% metal basis), potassium monopersulfate triple salt 

(KHSO5·0.5KHSO4·0.5K2SO4, ≥42% KHSO5 basis), sodium 
hydroxide (NaOH, 96%), ethanol (EtOH, AR, ≥99.5%), 
tert-butanol (TBA, GR, ≥99.5%), furfuryl alcohol (FFA, CP, 
97%), p-benzoquinone (p-BQ, 99%), methanol (MT, AR, 
99.5%), sodium chloride (NaCl, 99.5%), sodium bicarbon-
ate (NaHCO3, 99.5%), sodium carbonate (Na2CO3, 99.8%), 
potassium nitrate (KNO3, >99%), and potassium dihydrogen 
phosphate (KH2PO4, 99.5%) were purchased from Aladdin 
Industrial Corporation (Shanghai, China). In the experi-
mental process, all the reagents were analytically pure, and 
all solutions were prepared with ultrapure water.

2.2. Synthesis of nano-CoFe2O4

In related references, the reaction process of prepar-
ing the catalyst by the coprecipitation method is relatively 
stable, and the obtained catalyst is relatively pure [30]. 
Consequently, nano-CoFe2O4 was fabricated by the copre-
cipitation method as follows: Co(NO3)2·H2O (0.01 mol) and 
Fe(NO3)3·9H2O (0.02 mol) were dissolved in 100 mL of ultra-
pure water and ultrasonically (80 W) dispersed for 10 min 
to achieve uniform dispersion in the solution. Then, the 
solution was stirred continuously in a heated water bath 
(60°C) for 0.5 h. NaOH solution (4 mol) was added grad-
ually to the mixed solution so that the pH value rose to 
approximately 11–13 and complete precipitation occurred, 
and the solution was stirred for 2 h in a heated water bath 
(80°C). Afterwards, the red–brown solid was washed with 
ultrapure water several times until a neutral pH value was 
reached. Finally, the red–brown solid was dried at 70°C for 
10 h and poured into a crucible for roasting in a muffle fur-
nace (SX-G02103, Tianjin, China). The temperature inside 
the muffle furnace was raised to 500°C and maintained 
at this temperature for 2 h. Nano-CoFe2O4 was obtained 
and fully ground for experimental application.

2.3. Activation of PMS by nano-CoFe2O4 for CR degradation

The catalytic activity of nano-CoFe2O4 for activating 
PMS was investigated by CR degradation experiments. 
In all batches of experiments, the CR degradation experi-
ments were conducted in a series of 250 mL conical flasks. 
Fifty millilitres of each of the prepared CR solution and 
PMS solution was poured into the flasks, and the catalyst 
(nano-CoFe2O4) was rapidly added to the reactors. Then, 
the conical flasks were placed in a thermostatic air bath 
shaker at 25°C and 160 rpm to initiate the reaction. Except 
for the variable factor, the nano-CoFe2O4 dose and the ini-
tial concentrations of PMS and CR were 0.5 g/L, 0.5 mmol/L, 
and 0.2 g/L, respectively. The initial pH of the solution 
was not consciously adjusted, with an approximate value 
of 6. To evaluate the adsorption effect of nano-CoFe2O4 
on CR, adsorption experiments were performed, and the 
nano-CoFe2O4 dose and initial concentration of CR were 
0.5 and 0.2 g/L, respectively. After the treatment, 3 mL of 
sample supernatant was filtered through a 0.45 µm fil-
ter into a cuvette every 5 or 10 min, and the supernatant 
was immediately analysed to determine the residual CR 
concentration using a UV-1800 instrument at 497 nm.

For the reusability experiments, the catalysts used after 
the previous reaction cycle were collected with a magnet, 
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thoroughly rinsed with ultrapure water to remove rem-
nants, dried at 80°C for 5 h, and recovered four times con-
tinuously by following the above process. Single-variable 
control trials were carried out to research and optimize the 
removal conditions, including initial pH (3.0–11.0), initial 
CR concentration (0.05–0.3 g/L), PMS concentration (0.1–
0.5 mmol/L), CoFe2O4 dose (0.1–0.5 g/L) and reaction time 
(0–60 min). In all degradation experiments, experimental 
data were obtained by calculating the average of the results 
of three parallel experiments.

2.4. Analytical methods

To analyse the surface topography, diffraction peaks, ele-
mental composition, functional groups, magnetic properties 
and thermal stability, catalysts were detected by character-
ization methods, including scanning electron microscopy 
(SEM, SU8020, Hitachi, Japan), X-ray powder diffraction 
(XRD, Tongda, China), X-ray photoelectron spectrometer 
spectroscopy (XPS, Thermo Escalab 250 Xi, US), Fourier-
transform infrared (FT-IR) spectroscopy (Nicole-iS 10 FT-IR 
spectrometer, US), vibrating-sample magnetometry (VSM, 
Quantum Design, US) and thermogravimetric analysis 
(TGA, Netzsch, Germany). Furthermore, the concentration 
of CR was determined with a maximum wavelength of 
497 nm using a ultraviolet–visible (UV–Vis) spectropho-
tometer (UV-1800, Mapada, China). Electron paramagnetic 
resonance (EPR) spectra were obtained by an electron para-
magnetic resonance device (A300-10/12, Bruker, Germany) to 
identify the radicals generated from the nano-CoFe2O4/PMS 

system. The UV–Vis absorption spectra were documented 
with a UV–Vis spectrophotometer (TU-1901, PERSEE, 
China). The total organic carbon (TOC) was measured using 
a TOC-L CPN analyser (TD-3500, Dandong, China). In the 
nano-CoFe2O4/PMS system, pseudo-first-order kinetics 
were used to fit the kinetics characteristics of the removal of 
CR [Eq. (1)], and the Kapp value was obtained. The removal 
rate of CR is calculated by Eq. (2) as follows:
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where C0 (mg/L) and C (mg/L) are the initial CR concentra-
tion and CR concentration at time t (min), respectively.

3. Results and discussion

3.1. Characterization of nano-CoFe2O4

The changes in the morphological characteristics of the 
prepared catalysts were analysed by SEM before and after 
the degradation reaction. It is clear from Fig. 1a that nano-
CoFe2O4 consists of uniformly distributed spherical parti-
cles. Additionally, seen from the high-magnification SEM 
images, shown in Fig. 1b, the average diameter of nano-
CoFe2O4 is in the range of 13–25 nm, which is obtained 
by nano measurer. The prepared spherical nano-CoFe2O4 

Fig. 1. SEM images of nano-CoFe2O4 before (a, b) and after (c, d) reaction.
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possesses small particles with enlarged surface areas and a 
substantial number of reaction sites, which is beneficial to 
CR degradation, as the contact area between CR and nano-
CoFe2O4 is increased. Moreover, Fig. 1c and d show that some 
of the nanoparticles gathered together after the reaction, 
which confirmed that nano-CoFe2O4 had defects in aggrega-
tion after participating in the reaction [31].

XPS measurements were carried out in a Thermo Escalab 
250 Xi spectrometer, equipped with a charge neutralizer 
and monochromatic Al kα (1486.6 eV) radiation source 
spectrometer. Fig. 2a illustrates the XPS spectrum of nano-
CoFe2O4, in which the binding energy of each element was 
corrected by a C1 peak at 284.8 eV to analyse the chemical 
status and chemical composition. The sample contains Co, 
Fe, and O, with binding energies at 780.0, 710.7 and 529.7 eV, 
respectively, accounting for 12.95%, 25.34%, and 46.99%; 
this outcome is consistent with Kirankumar and Sumathi’s 
research conclusion [32]. As shown in Fig. 2b, the peak at 
795.5 eV conformed well to Co3+. The peaks at 780.0 and 
782.5 eV are attributed to Co2+ in octahedral sites and tet-
rahedral sites, respectively. Moreover, the peaks at 786.7 
and 802.8 eV are related to the shakeup excitation of high-
spin Co2+. The Fe2p spectra consist of Fe2p1/2 and Fe2p3/2 
peaks, and the peak at 724.2 eV corresponds to Fe2p1/2 from 
Fig. 2c. The Fe2p3/2 spectra were asymmetric and divided 
into two peaks with binding energies of 710.7 and 713.4 eV. 
Fig. 2d shows that the O1s spectra exhibits two peaks 

at 529.7 and 531.1 eV, which are consistent with the sur-
face hydroxyl species. All the XPS analysis results further 
indicate the formation of nano-CoFe2O4 [33].

Crystallinity and phase analysis was performed by XRD 
using Cu kα radiation (λ = 0.15406 nm) over 2θ = 5°–70°. As 
shown in Fig. 3a, the XRD analysis confirms the crystallin-
ity and phase purity of spinel nano-CoFe2O4 before and after 
reaction. The diffraction peaks observed for nano-CoFe2O4 
at 2θ = 30.54°, 35.66°, 43.02°, 57.26°, 62.62° completely 
matched the (220), (311), (400), (511) and (440) reflections, 
respectively, which is basically consistent with the results 
of Naik’s and Wu’s research [34,35]. Moreover, by compar-
ing the peak intensity changes before and after the reaction, 
the X-ray diffraction pattern does not change significantly, 
which indicates that the catalyst material has outstanding 
reaction stability in phase composition and crystal struc-
ture. Furthermore, according to Scherrer’s equation [Eq. (3)], 
the average size of each nano-CoFe2O4 was in the range 
of 15–44 nm, which was consistent with the SEM analysis 
results.

D K
B

=
λ

θcos
 (3)

where D represents the crystallite size (nm), K = 0.89 (Scherrer 
constant), λ = 0.15406 (the X-ray wavelength), B represents 

Fig. 2. XPS survey spectra (a), Co 2p XPS spectra (b), Fe 2p XPS spectra (c) and O1s XPS spectra (d) of nano-CoFe2O4.
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the full width at half maximum of the diffraction peak and 
θ represents the Bragg diffraction angle.

The FT-IR spectra of nano-CoFe2O4 before and after 
the reaction are shown in Fig. 3b. In CoFe2O4 nanoparti-
cles, the two absorption bands at 486 and 594 cm–1 were 
relevant to the stretched vibrations of the Co–O and Fe–O 
bonds in the octahedral and tetrahedral sites of the spinel 
ferrites. The peaks at approximately 3,452; 2,924; 1,632 and 
1,384 cm–1 were attributed to –OH stretching, O–H stretch-
ing, C–H stretching, O–H stretching, and C=O bending [36]. 
Obviously, nano-CoFe2O4 is nearly unchanged after reaction, 
except that the intensity of the two peaks decreases, indicat-
ing that the chemical structure of the prepared catalyst is 
relatively stable.

Previous studies indicate that ferrite nanoparticles pos-
sess excellent magnetic properties and have been consid-
ered for a wide range of industrial applications for a long 
time [37]. Consequently, the magnetic properties of nano-
CoFe2O4 were determined using VSM. Fig. 3c presents plots 
of magnetization vs. the applied external magnetic field at 
room temperature for nano-CoFe2O4. The saturation mag-
netization of nano-CoFe2O4 under ambient conditions 
approached 41.54 emu/g, illustrating that nano-CoFe2O4 
exhibited strong magnetic responsiveness. The inset pic-
ture in Fig. 3c also proves that nano-CoFe2O4 can be easily 
attracted to the vial wall by a permanent magnet.

TGA was used to measure the relationship between the 
quality of the catalyst and temperature or time under the 
control of the program temperature and was employed to 
determine the thermal stability of the catalyst [38]. The sam-
ples were heated from 0 to 900°C at a heating rate of 10°C/
min for almost 80 min, as shown in Fig. 3d. From the TGA 
curve, the catalyst lost less than 0.1 g during heating, with 
its mass decreasing from 15.0 g to approximately 14.34 g, 
which also demonstrates that the catalyst has excellent 
thermal stability. The reason for the weight loss and weight 
loss rate reflects the extent of oxygen loss and the speed of 
oxygen loss in different temperature regions, respectively, 
during heating.

3.2. Removal of CR in different systems

Preliminary experiments were conducted in different 
systems, which have different effects on CR removal, and 
the results are shown in Fig. 4a. Obviously, when nano-
CoFe2O4 was used alone, the concentration of CR did not 
decrease significantly and only accounted for about 3.5% in 
60 min, demonstrating that the adsorption effect of nano-
CoFe2O4 on CR was very poor. PMS itself plays a role in the 
removal of CR, but the degradation effect is only approxi-
mately 40% in 60 min. However, the removal efficiency of 
CR was up to 90% in the CoFe2O4/PMS system, indicating 

Fig. 3. XRD patterns (a), FT-IR spectra (b), VSM analysis (c) and TGA analysis (d) of nano-CoFe2O4.
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that the catalyst has the ability to activate PMS, and PMS 
produces active species to degrade CR rapidly. This result 
also showed that CR removal in the CoFe2O4/PMS system 
occurs by oxidative degradation rather than adsorption. 

Under the optimal conditions, a key preponderance of this 
research is that the CR degradation efficiency by activating 
PMS with nano-CoFe2O4 is substantially higher than that 
of other studies [39].

Fig. 4. Degradation of CR in different systems (a), effect of PMS concentration (b), effect of nano-CoFe2O4 dose (c), effect of initial pH 
(d), effect of initial CR concentration (e) and effect of coexisting ions (f).
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3.3. Experimental condition optimization

3.3.1. Effect of PMS concentration

The effect of PMS concentration on CR degradation 
efficiency in the nano-CoFe2O4/PMS system is summa-
rized in Fig. 4b. After 5 min, the degradation rate of CR by 
0.5 mmol/L PMS significantly increased to 58.47%, which 
was nearly 8 times higher than the degradation rate of 
the 0.1 mmol/L PMS system. When the PMS concentra-
tions were 0.1, 0.2, 0.3, 0.4 and 0.5 mmol/L, the Kapp values 
of CR degradation were 0.0110, 0.0159, 0.0231, 0.0309 and 
0.0329 min–1, respectively, showing an increasing trend. This 
may be explained by the production of more reactive oxy-
gen species (ROS) in the activation system and an increase 
in the contact frequency between CR molecules and ROS. 
This phenomenon has also been observed in previous stud-
ies, where an increase in the concentration of PMS provides 
more ROS and accelerates CR degradation in the activated 
systems [40]. However, when the PMS concentration was 
from 0.4 to 0.5 mmol/L, there was no significant increase 
in CR degradation efficiency, which may be due to the 
quenching reaction between PMS that activated to produce 
excess ROS and unconsumed PMS [41]. Oh et al. studied 
activation of PMS by nano-CoFe2O4 for the degradation of 
sulfamethoxazole, which was that the increase of PMS con-
centration makes the degradation efficiency of pollutants 
more obvious, but the concentration of PMS (2 mmol/L) 
used in the experiment is greatly higher than that in this  
experiment [42].

3.3.2. Effect of nano-CoFe2O4 dose

As shown in Fig. 4c, the increase in nano-CoFe2O4 
dose was instrumental in improving the CR degrada-
tion efficiency, and the degradation rate continuously 
increased from 71.75% to 90.76%. Meanwhile, the Kapp 
value (0.0329 min–1) is highest when the nano-CoFe2O4 
dose is 0.5 g/L, and nearly 2 times higher than the Kapp 
value (0.0177 min–1) of the 0.1 g/L nano-CoFe2O4 dose. 
These findings are very consistent with previous studies 
showing that the degradation efficiency of activated PMS 
continuously increases because an increase in the amount 
of nano-CoFe2O4 might provide more activation factors in 
the activated system to participate in and accelerate CR 
degradation [43]. Nevertheless, when the amount of cata-
lyst is increased to 0.3 g/L or above, it was not obvious to 
the degradation efficiency of catalyst on pollutants. This 
phenomenon can be interpreted as the magnetic aggre-
gation caused by excessive catalyst, which decreased the 
number of effective active sites and leads to degradation 
efficiency. Another reason for the low degradation effi-
ciency is that too many free radicals are generated at the 
same time, which leads to the quenching between free 
radicals. Shao et al. [44] concluded that CoFe2O4 for was 
a PMS activator with excellent stability in their research, 
and found that increasing the CoFe2O4 dose could pro-
vide more surface area and active sites to promote the 
activation of PMS and removal of amlodipine. On the 
other hand, the maximum adsorption rate of CR by nano-
CoFe2O4 is only 3.71%, even if the dose is the highest at  
0.5 g/L.

3.3.3. Effect of initial pH

Because of the activation of PMS and the CR degra-
dation related to the pH of aqueous solution, the effect of 
the initial pH value on the CR degradation efficiency was 
researched. Fig. 4d shows the degradation of CR in the 
nano-CoFe2O4/PMS system at pH = 3, 5, 6 (without pH 
adjustment), 7, 9, and 11. After the start of the reaction, the 
CR degradation rates at pH = 5 and 6 are almost the same 
and are significantly higher than those at other pH values. 
However, CR degradation under alkaline conditions is 
slower; for instance, the CR degradation rate at pH = 11 is 
40% lower than that at pH = 5 after 5 min. According to 
the research results of Guan et al., under weak acidic con-
ditions (pH = 5, 7), nano-CoFe2O4/PMS system showed 
more significant degradation of sulfosalicylic acid, demon-
strating HSO5

– was the predominant PMS species at weak 
acidic and neutral conditions [45].

Additionally, during the whole experiment, the pH 
value hardly changed under alkaline conditions, but there 
was a slight downwards trend under neutral and acidic 
conditions. Although this phenomenon indicated that the 
pH conditions for PMS activation by nano-CoFe2O4 are 
more extensive, the reaction of degrading CR by activat-
ing PMS is more suitable to be carried out under weakly 
acidic conditions rather than strong alkaline conditions. 
This is because under strong alkali conditions, activation 
generates SO4

–•, the surrounding hydroxyl ions (OH–) react 
to form hydroxyl radicals (•OH), and the •OH species are 
quickly converted into oxygen free radicals (O–•). Because 
the activity of O–• is much weaker than that of SO4

–•, CR 
degradation slows down, which is consistent with the 
results of previous studies [46]. The reaction formulas are 
as follows in Eqs. (4) and (5):

SO OH SO OH4 4
2�� � � �� � �  (4)

� �� �� � �OH H O O HO2 3  (5)

3.3.4. Effect of initial CR concentration

The effect of different initial concentrations of CR on 
the degradation effect is shown in Fig. 4e. When the ini-
tial CR concentration was 0.05 g/L, the degradation rate 
reached 86.04% after 20 min, which was 20.39% higher 
than the initial CR concentration of 0.3 g/L. Therefore, as 
the initial CR concentration increases, the degradation 
rate gradually decreases. The decrease in the CR degra-
dation rate can be explained by CR molecules competing 
for a limited number of active substances. The PMS con-
centration is fixed when the CR concentration increases in 
the experiment. However, after 1 h of reaction, the differ-
ence between the degradation rates of different systems 
decreased, and the degradation rate was in the range of 
84% to 95%. In addition, the adsorption rate decreased 
from 32.5% to 3.48% after 60 min, with the initial concen-
tration increasing from 0.05 to 0.3 g/L. The above results 
indicated that the nano-CoFe2O4/PMS system is suitable 
for a wide concentration range of CR and could show a 
good removal effect, which was quite considerable com-
pared with the results of previous research [47].
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3.3.5. Effect of coexisting ions

Practical application tests are needed, because there 
are many anions in wastewater or natural water that can 
affect PMS activation or the removal of contaminants [48]. 
The degradation efficiency of CR in the nano-CoFe2O4/
PMS system in the presence of 50 mmol/L inorganic anions 
such as Cl–, CO3

2–, HCO3
–, H2PO4

– and NO3
– can be found in 

Fig. 4f. Obviously, after adding CO3
2– and HCO3

–, the CR 
degradation efficiency decreased, and the CR degrada-
tion rate was inhibited by 30% and 37% within 10 min, 
respectively. This is mainly because CO3

2– and HCO3
– are 

scavengers of hydroxyl and sulfate radicals [Eqs. (6) and 
(7)] [49]. However, after a 10 min reaction, the difference 
between the degradation rates of the system with the 
addition of two ions and the control gradually narrowed 
to within 10%. The results also indicated that the CR deg-
radation rates were virtually unchanged with the addi-
tion of NO3

–. In contrast, H2PO4
– and Cl– have a promoting 

effect on the CR degradation rate; in particular, H2PO4
– 

increases the CR degradation efficiency by approximately 
20% in 10 min. Previous studies have confirmed that Cl– 
will generate multiple active chlorine species including 
Cl•, Cl2

–•, HOCl–• and Cl2 in the persulfate system, which 
can promote the degradation of pollutants [Eqs. (8)–(12)] 
[50]. Furthermore, H2PO4

– ionizes H+ [Eq. (13)] to provide 
a weakly acidic environment, which is more conducive to 
the reaction conditions [51]. The study of Jaafarzadeh et 
al. [52] found that compared with other anions, H2PO4

– had 
more negative effects, H2PO4

– had the ability to combine 
in the catalyst surface, so the H2PO4

– greatly decreased the 
PMS heterogeneous activation.

HCO SO H CO SO3 4 3 4
2� �� � �� �� � � �  (6)

HCO OH CO H O3 3 2
� � ��� � �  (7)

Cl SO Cl SO� �� � �� � �4 4
2  (8)

Cl Cl Cl� � ��� � 2  (9)

Cl OH OH Cl� � � �� � �  (10)

Cl OH HOCl Cl2
�� � �� �� � �  (11)

Cl Cl Cl Cl2 2 2 2�� �� �� � �  (12)

H PO H HPO2 4 4
2− + −+⇋  (13)

3.4. Reaction mechanisms

3.4.1. Identification of the ROS

Nanometals generate ROS such as SO4
–•, hydroxyl rad-

icals (•OH), superoxide radicals (•O2
–) and singlet oxygen 

(1O2) in the process of activating PMS [53]. The types of reac-
tive oxygen species produced by activation systems may 
likewise differ for different pollutants [54]. Therefore, it is 
necessary to use a variety of quenching agents to identify 
the dominant ROS in the degradation of CR in the nano-
CoFe2O4/PMS system. EtOH and MT were used to quench 
SO4

–• (K = 1.6–7.8 × 107 M/S and K = 0.9–1.3 × 107 M/S) and 
•OH (K = 1.2–2.8 × 109 M/S and K = 0.8–1.0 × 107 M/S). TBA, 
BQ and FFA were used to quench •OH (K = 3.8–7.6 × 108 M/S), 
•O2

– (K = 0.9–1 × 109 M/S) and 1O2 (K = 1.2 × 108 M/S), respec-
tively. Under the same conditions, the lower degradation 
rate proved that the more obvious the inhibitory effect is, 
the greater the influence of ROS on the degradation reac-
tion [55]. To correctly compare the quenching effect, all 
quenchers employed a concentration of 50 mmol/L.

As shown in Fig. 5a, the degradation rate of CR in the 
blank control group reached 90.24% in 60 min. After the 
addition of FFA, the CR degradation efficiency was signifi-
cantly inhibited and decreased by approximately 31.47%, 
indicating that the generated 1O2 played a vital role in 
the nano-CoFe2O4/PMS reaction system. In addition, BQ 
suppressed CR degradation, decreasing the degradation 

Fig. 5. Effect of free radical scavengers on CR removal efficiency (a) EPR spectra of •O2
–, 1O2, SO4

–• and •OH (b).
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efficiency by approximately 15.76%, which demonstrated 
that the produced •O2

– was also one of the main ROS in the 
nano-CoFe2O4/PMS reaction system. However, the addition 
of TBA, EtOH and MT had a weak inhibition effect on CR 
degradation efficiency, which revealed that SO4

–• and •OH 
contribute little to the CR degradation in the nano-CoFe2O4/
PMS system. In conclusion, the results of radical trapping 
experiments showed that a variety of ROS exist in the 
reaction system, among which 1O2 and •O2

– play a major 
role in the degradation process. The study of Song et al. 
[56] obtained the results that SO4

–• and •OH are the major 
ROS of the nano-CoFe2O4/PMS reaction system, and in the 
quenching experiment, although SO4

–• and •OH have been 
quenched, the pollutants were still degraded, indicating 
the existence of other ROS.

To further determine the contribution of ROS in the 
nano-CoFe2O4/PMS reaction system, EPR measurements 
were carried out by using 5,5-dimethyl-1-pyrroline N-oxide 
(DMPO) and 4-oxo-2,2,6,6-tetramethyl piperidine (TEMP) 
as spin trapping agents for the determination of SO4

–•, •OH, 
•O2

– and 1O2. As shown in Fig. 5b, DMPO was added to 
the system, and after 5 min of reaction, the signals of the 
DMPO-•O2

– and DMPO-•OH characteristic peak with an 
intensity ratio of 1:1:1:1 and 1:2:2:1 appeared. Four weaker 
peaks appeared around DMPO-•OH, which corresponded 
to DMPO-SO4

–•, indicating that all of the ROS such as SO4
–•, 

•OH, and •O2
– participated in the catalyst reaction. Then, 

TEMP was added to another system, and the TEMP-1O2 
characteristic peak with an intensity ratio of 1:1:1 appeared, 
indicating that 1O2 was also involved in the catalytic 
oxidation reaction.

3.4.2. UV–Vis spectrum of the CR degradation process

The UV–Vis spectrum of the CR degradation process 
was sufficient to confirm that the aromatic structure of CR 
had been destroyed by the nano-CoFe2O4/PMS system, 
as shown in Fig. 6a. As a result, there are three stronger 
absorbent belts at the beginning of the reaction, represent-
ing two unsaturated chromogenic groups (azo) and four 
colour-assisting groups (amino and sulfonate sodium). Over 
time, the intensity of the two absorption peaks gradually 

decreased, indicating that CR degradation was an oxidative 
process and that the benzene ring structure was continu-
ously cleaved. Therefore, these conditions illustrate that 
the unsaturated bond of the benzene ring is cleaved first, 
and then, the benzene ring forms a series of small-molecule 
products by ring opening and oxidation.

3.4.3. Mineralization of CR

For the degradation experiments of organic dyes, merely 
studying the degradation efficiency is not very convincing. 
During the experiment, although the target pollutant will 
be decomposed to obtain the effective degradation effi-
ciency, it is very probable that new intermediate products 
will form [57]. Therefore, TOC detection is considered to 
be a necessary part of organic matter degradation experi-
ments, and it is also an effective way to determine whether 
organic matter has been successfully mineralized. As shown 
in Fig. 6b, after 3 h of reaction, TOC removal rate reached 
18.7%, and then the removal efficiency gradually decreased, 
and the total removal rate reached 22.3% after 6 h of reac-
tion. This result suggests that CR is mineralized into inor-
ganic small molecules such as CO2 and H2O. It can be 
inferred that PMS is successfully activated by nano-CoFe2O4 
to generate ROS that are beneficial to the mineralization 
of CR. In other words, the nano-CoFe2O4/PMS system is 
effective for the complete removal of CR from water.

3.4.4. Possible mechanism of PMS activation 
by nano-CoFe2O4

Herein, according to the results of characterization 
analysis and ROS identification, a possible mechanism 
for ROS generation over the nano-CoFe2O4/PMS system 
was proposed, as shown in Fig. 7. The Co2+ and Fe3+ ions 
on the surface of the catalyst could directly interact with 
the inner-sphere complex of the formed HSO5

–, which was 
accompanied by the valence state change of the metals, 
and free radicals such as SO4

–• and SO5
–• were produced 

[Eqs. (14)–(17)]. In detail, CoOH+ is generated by H2O dis-
sociation and reacts with HSO5

– to generate CoO+ and SO4
–•, 

which can form Co3+ that reacts with H+ [Eqs. (18)–(20)] [58].  

Fig. 6. Changes in UV–Vis spectra (a) and TOC (b) during CR degradation in the nano-CoFe2O4/PMS system.
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In addition, Co3+ can be reconverted to Co2+ by reacting 
with Fe2+ [Eq. (21)] [59]. Therefore, the metal ions on the 
ferrite cobalt surface form two complete cycles through 
the oxidation–reduction reaction for sustainable catalytic 
activity. Meanwhile, Fe2+ could also be converted to Fe3+ 
by reacting with oxygen to generate •O2

– [Eq. (22)]. Then, 
the produced SO4

–• reacts with H2O to generate •OH [Eq. 
(23)]. HSO5

– was formed by SO4
–• and •OH [Eq. (24)] and 

reacted with •OH and SO4
–• to form SO5

–• [Eqs. (25) and (26)], 
respectively. In addition, the generated SO5

–• can not only 
decompose to SO4

–• [Eq. (27)] but also react with HSO5
– and 

H2O to produce 1O2 [Eqs. (28) and (29)]. Ultimately, under 
the action of ROS such as SO4

–•, •OH, •O2
– and 1O2, CR was 

degraded into some intermediate products and further 
mineralized into CO2 and H2O [Eq. (30)].

≡ + → ≡ + ++ − + −• −Co HSO Co SO OH2
5

3
4  (14)

≡ + → ≡ + ++ − + −• +Co HSO Co SO H3
5

2
5  (15)

≡ + → ≡ + ++ − + −• +Fe HSO Fe SO H3
5

2
5  (16)

≡ + → ≡ + ++ − + −• −Fe HSO Fe SO OH2
5

3
4  (17)

≡ + → ++ + +Co H O CoOH H2
2  (18)

CoOH HSO CoO SO H O� � � ��� � � �5 4 2  (19)

CoO H Co H O� � �� � �2 3
2  (20)

≡ + ≡ → ≡ + ≡+ + + +Co Fe Co Fe3 2 2 3  (21)

Fe O Fe O2
2

3
2

� � � �� � �  (22)

SO H O OH SO H4 2 4
2�� � � �� � � �  (23)

SO OH HSO4 5
�� � �� �  (24)

HSO SO SO SO H5 4 5 4
2� �� �� � �� � � �  (25)

HSO OH SO H O25 5
� � ��� � �  (26)

2 5 4 2SO SO O�� ��� �  (27)

SO HSO SO HSO O5 5 4
2

4
1

2
�� � � �� � � �  (28)

2 2 1 55 2 4
1

2SO H O HSO O�� �� � � .  (29)

CR SO OH O O intermediates CO H O� � � � � � ��� � � �
4 2

1
2 2 2   

 (30)

3.5. Stability and reusability of nano-CoFe2O4

The stability and reusability of nano-CoFe2O4 are 
important evaluation indicators related to its practical 
applicability. To investigate the catalytic stability of the 
prepared nano-CoFe2O4, five cycles of degradation exper-
iments were carried out under the same experimental 
conditions. As shown in Fig. 8, the catalytic performance 
of nano-CoFe2O4 is relatively stable. Compared with that 
of the first cycle, after the second, third, fourth, and fifth 
cycles were performed for 60 min, the CR degradation 
rate decreased by approximately 0.4%, 0.7%, 2.2% and 
7.2%, respectively, and the CR degradation rate remained 
above 83% after the fifth cycle. The reason for the decrease 
may be that the small-molecule intermediate products 

 Fig. 7. Possible reaction mechanism in the nano-CoFe2O4/PMS system for CR degradation.
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produced during the degradation process are attached 
to the surface of the catalyst so that the activity of some 
active sites decreases or deactivation hinders the reaction 
between the catalyst and PMS. In addition, the SEM, XRD, 
and FT-IR results confirmed that the physical and chem-
ical properties of the catalyst scarcely changed after the 
reaction. In conclusion, the synthesized catalyst not only 
exhibited excellent efficiency in CR degradation but also 
revealed remarkable stability and reusability, indicating 
that nano-CoFe2O4 is considered to be the right choice 
for active PMS to degrade CR.

4. Conclusions

In this study, we obtained the following results through 
a comprehensive analysis of the characterization results and 
activation performance of nano-CoFe2O4 catalysts for CR 
degradation in aqueous solution:

• Based on characterization analysis results, it was 
proven that the nano-CoFe2O4 prepared by the co-pre-
cipitation method has the advantages of relatively high 
purity, small particle size and large specific surface 
area. Comparing the catalysts before and after the reac-
tion, notably, the structure of the catalyst itself hardly 
changed. Therefore, the prepared nano-CoFe2O4 can be 
regarded as a catalyst with strong stability and high cat-
alytic efficiency. Meanwhile, to solve the defect in that 
the catalyst easily accumulates, a more friendly method, 
such as biochar loading, is proposed.

• According to the identification of ROS results, it was con-
firmed that nano-CoFe2O4 with higher specific surface 
energy effectively activated PMS to release more ROS, 
such as SO4

–•, •OH, •O2
– and 1O2, and important results 

were obtained. The catalyst can be considered a PMS 
activator with higher activation performance.

• In view of the CR degradation experiment results, it 
was further confirmed that the advanced oxidation 
method composed of the synthesized catalyst and PMS 

is undoubtedly an environmentally friendly methods 
that consume less time and fewer resources and has 
high recycling and removal efficiencies. Furthermore, 
the findings of this work highlighted the great potential 
of nano-CoFe2O4 as an activator and elucidated a new 
opportunity for the treatment of organic dye wastewater.
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