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A B S T R A C T   

Peracetic acid (PAA)-based advanced oxidation processes (AOPs) are promising technologies for the efficient 
treatment of persistent contaminants in wastewater. In this study, three different magnetic biochar (BC)-ferro
spinel AFe2O4 (A = Cu, Co, or Mn) nanocomposites were synthesized through a combined sol–gel/pyrolysis 
process for the activation of PAA to degrade carbamazepine (CBZ). The following order of efficiency was 
observed for CBZ degradation in the presence of PAA: BC-CoFe2O4 (100 %) > BC-MnFe2O4 (7 %) ≈ BC-CuFe2O4 
(7 %). In addition, 0.8 mM PAA, 0.3 g/L catalyst, nearly neutral pH, and 333 K were identified as the optimal 
operating parameters for the degradation of 1 mg/L CBZ in the BC-CoFe2O4/PAA system. Mechanistic studies 
revealed that CH3C(O)OO• radicals are the dominant active species for the degradation of CBZ in the BC- 
CoFe2O4/PAA system, and the continuous conversion of Co(II) to Co(III) in this system is responsible for the 
generation of these radicals. In addition, the water matrices (e.g., humic acid (20 mg/L), NaCl (0.05 M), and 
NaNO3 (0.01 M)) played negligible roles in the degradation of CBZ in the BC-CoFe2O4/PAA system. This system 
exhibited highly selective and reactive degradation of organic pollutants with electron-rich groups (e.g., CBZ 
(0.36 min− 1), sulfamethoxazole (0.12 min− 1), and diclofenac (0.28 min− 1)). Furthermore, the degradation 
products of CBZ were identified, and possible degradation pathways and toxicity of these transformation 
products were proposed. The BC-CoFe2O4/PAA system demonstrated outstanding degradation performance in 
dynamic systems and real wastewater treatment applications. This study describes the performance of an effi
cient and easy-to-separate catalyst for the activation of PAA. This study facilitates the development and appli
cation of PAA-based AOPs for wastewater treatment.   

1. Introduction 

Carbamazepine (CBZ) is a typical pharmaceutically active compound 
(PhAC) that is frequently detected in a variety of water systems due to its 
non-biodegradable and persistent molecular structure. In addition, long- 
term exposure to CBZ can have adverse effects on aquatic organisms and 
humans, such as endocrine disruption and teratogenicity [1]. Recently, 
advanced oxidation processes (AOPs) have been comprehensively 
studied for the elimination of emerging contaminants in wastewater 
treatment applications [2]. In particular, peracetic acid (PAA, CH3C(O) 

OOH) has been widely used as a disinfectant in various applications (e. 
g., the food industry, health care, and paper industry) due to its high 
redox potential (1.06–1.96 V), excellent sterilization ability, and low 
toxicity for disinfecting byproducts [3,4]. PAA-based AOPs have been 
suggested for the treatment of recalcitrant organic pollutants such as 
pharmaceutically active compounds (PhACs, e.g., sulfamethoxazole 
(SMX) [5], carbamazepine (CBZ) [6], and diclofenac (DCF) [7]). From a 
mechanistic point of view, the homolysis of the peroxyl bond (O–O) in 
PAA generates •OH and various R–O• (e.g., CH3C(O)OO•, CH3C(O)O•, 
CH3O2

• , •CH3) radicals, which are responsible for the degradation of 
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organic pollutants in such systems [8]. PAA exhibits a much lower O–O 
bond energy (159 kJ/mol) than commonly used H2O2 (213 kJ/mol) and 
peroxymonosulfate (PMS, 317 kJ/mol), indicating that the activation 
process of PAA is thermodynamically more straightforward [9]. 

Recently, various methods have been developed to activate PAA to 
degrade organic pollutants in wastewater treatment applications. 
Additionally, the dominant active species generated in PAA-based 
degradation processes are highly dependent on the activation 
approach used [10]. For instance, Yan et al. [11] reported that •OH is the 
crucial radical for the degradation of oxytetracycline in the UV/PAA 
system. Yao et al. [12] reported that singlet oxygen and R–O• were the 
dominant active species for the degradation of tetracycline hydrochlo
ride in an ultrasound/PAA system. In transition metal-based PAA sys
tems, electron transfer between the metal and PAA is the primary 
mechanism involved in the generation of such active species (Mn+ +

CH3C(O)OOH → M(n+1)+ CH3C(O)O•

+ OH− , M(n+1)+ + CH3C(O)OOH 
→ Mn+ + CH3C(O)OO•

+ H+) [13]. Among all PAA activation processes, 
the use of transition metals is considered a promising way to address 
recalcitrant organic compounds because of their powerful oxidation 
abilities and high selectivity of R–O• radicals toward organic contami
nants, as well as their facile and cost-effective process [14]. Spinel ferrite 
is defined as a metal oxide comprising a spine structure with a general 
molecular formula of AFe2O4 (A is a positive divalent ion, such as Cu2+, 
Co2+, Mn2+, Ni2+, Zn2+). The application of these materials is currently 
under the spotlight due to their high efficiency and cost-effectiveness. 
For instance, Yu et al. [15] successfully synthesized CuFe2O4 for the 
activation of PAA, and this system demonstrated excellent degradation 
efficiency (100 %) for the decomposition of rhodamine B. Additionally, 
Wang et al. [16] reported that the CoFe2O4/PAA system exhibits a high 
degradation efficiency (87 %) for sulfamethoxazole under near-neutral 
conditions. 

Although spinel ferrite materials can be easily separated from water 
due to their magnetic properties, the leaching of heavy metal ions from 
nanomaterials into water is still a challenging issue, demanding further 
studies. The agglomeration of magnetic nanomaterials also restricts 
their degradation efficiency by reducing the number of available active 
sites on the surface of catalytic materials [17]. Some approaches have 
been investigated to address these issues, such as the immobilization of 
catalytic materials into a support structure. Biochar (BC) is a low-cost 
and environmentally friendly material derived from waste resources 
(e.g., biomass) with tunable properties, such as the concentration of 
surface functional groups and high specific surface area and porosity 
[18]. Hence, BC-supported spinel ferrite nanomaterials are expected to 
efficiently activate PAA and reduce the leaching of metal ions from 
catalytic materials. Dong et al. [19] demonstrated that lignin-derived 
biochar-CoFe2O4 has high stability and can efficiently activate PAA for 
the degradation of sulfamethoxazole. In addition, the various spinel 
ferrite materials have different efficiencies for the degradation of 
organic pollutants. For instance, Gupta et al. [20] reported an advanced 
reduction process (ARP) for the elimination of nitrophenols using 
various spinel ferrite materials, demonstrating the following order of 
efficiency: CuFe2O4 > MnFe2O4 > CoFe2O4 > NiFe2O4. Ren et al. [21] 
observed that the degradation efficiency of di-n-butyl phthalate in a 
spinel ferrite material/peroxymonosulfate (PMS) system, a well-known 
AOP process, follows the order of CoFe2O4 > CuFe2O4 > MnFe2O4 >

ZnFe2O4. However, to the best of our knowledge, there are no available 
studies that compare different BC-supported spinel ferrite materials for 
the activation of PAA to degrade organic pollutants in wastewater 
treatment applications. 

In this study, magnetic biochar-ferrospinel AFe2O4 (A = Cu, Co, or 
Mn) nanocomposites were synthesized through a combined sol–gel/ 
pyrolysis process. Their efficiencies were evaluated and compared for 
the degradation of carbamazepine (CBZ) as a target pollutant in the 
presence of PAA. The operating conditions were optimized to achieve 
the best degradation performance. In addition, CBZ degradation mech
anisms were identified based on scavenging experiments, in situ ATR- 

FTIR, and electrochemical analysis. The effects of water matrices, 
including humic acid, NaCl, NaHCO3, and NaNO3, on the degradation of 
CBZ in the CoFe2O4/PAA system were also studied and discussed. 
Furthermore, the CBZ degradation pathways and the toxicity of the 
degradation products were proposed based on the results obtained from 
liquid chromatography–mass spectrometry, and the applicability for the 
degradation of various organic pollutants and the stability of the BC- 
CoFe2O4/PAA system were evaluated. Finally, tests were carried out in a 
continuous recirculation system to support further upscaling of the BC- 
CoFe2O4/PAA system. 

2. Materials and methods 

2.1. Chemicals 

The details of the chemicals used in this study are provided in Text S1 
in the Supporting information. All solutions were made in Milli-Q water. 

2.2. Synthesis and characterization of materials 

Magnetic biochar (BC)-ferrospinel AFe2O4 (A = Cu, Co, or Mn) 
nanocomposites were synthesized by a modified sol–gel method. All 
details are provided in Text S2. The composition and crystal structure of 
the materials, as well as their morphologies, surface area and porosity, 
available surface functional groups, electrochemical properties, and 
surface charge, were characterized by various characterization tech
niques according to the details provided in Text S3. 

2.3. Experimental procedure 

The details of the degradation experiments are provided in Text S4, 
and those of the analytical methods are provided in Text S5 in the 
Supporting information. The calculation methods for the degradation 
rate constant and activation energy are also provided in Text S6 in the 
Supporting information. The degradation products of CBZ were identi
fied using ultrahigh-performance liquid chromatography coupled to a 
quadrupole time-of-flight mass spectrometer (UHPLC-QTOF) system, 
and the toxicity of these organic pollutants was predicted through the 
Toxicity Estimation Software Tool (T.E.S.T., EPA, US). More information 
about these can be found in Text S7 in the Supporting information. 

3. Results and discussion 

3.1. Characterization of the catalysts 

Fig. 1a–c shows the XRD patterns of BC-CuFe2O4, BC-CoFe2O4, and 
BC-MnFe2O4, respectively. In Fig. 1a, the characteristic peaks located at 
2θ values of 18.3◦, 30.3◦, 35.7◦, 43.6◦, 57.7◦, and 62.3◦ are indexed to 
the (101), (200), (211), (220), (321), and (224) crystal planes of 
tetragonal CuFe2O4 (JCPDS card no. 34-0425), respectively [22]. In 
addition, the diffraction peaks appearing at 2θ values of 24.1◦, 33.1◦, 
40.8◦, 49.4◦, and 54.1◦ are ascribed to the (012), (104), (113), (024), 
and (116) crystal planes of rhombohedral Fe2O3 (JCPDS card no. 24- 
0072), respectively [23]. Another peak at a 2θ value of 38.7◦ is 
related to the (111) crystal plane of the tenorite phase with a monoclinic 
CuO structure (JCPDS card no. 41-0254) [24]. Moreover, the peak in
tensity of CuFe2O4 is much greater than that of Fe2O3 and CuO, 
revealing that the contents of Fe2O3 and CuO in BC-CuFe2O4 are far 
lower than those in CuFe2O4. It has been reported that CuFe2O4 exists in 
two crystallographic forms, cubic and tetragonal structures; the cubic 
structure is stable below 300 ◦C, and the tetragonal structure is stable 
above 400 ◦C [25]. The appearance of the Fe2O3 and CuO phases can be 
attributed to the transformation of cubic CuFe2O4 to tetragonal CuFe2O4 
(2Fe3+ + 3CuO → Fe2O3 + 3Cu2+), which is a thermodynamically 
favorable process [26]. In Fig. 1b, the characterization peaks at 2θ 
values of 18.3◦, 30.1◦, 35.5◦, 43.1◦, 57.1◦, and 62.6◦ are related to the 
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(111), (220), (311), (400), (511), and (440) crystal planes of cubic 
spinel of CoFe2O4 (JCPDS card no. 22-1086) [27], respectively, and the 
peaks at 2θ values of 18.9◦, 31.1◦, 36.8◦, 65.1◦ are indexed to the (111), 
(220), (311), and (440) crystal planes of cubic spinel Co3O4 (JCPDS 
card no. 42-1467), respectively [28]. The CoFe2O4 peaks with higher 
intensities compared with those of Fe2O3 and Co3O4 suggest that 
CoFe2O4 is the main component of BC-CoFe2O4. In addition, the gen
eration of Fe2O3 and Co3O4 may be due to the poorer homogeneity of the 
cation and walnut shell distribution, resulting in some cobalt-poor/ 
abundant regions in the gel and leading to the formation of Fe2O3/ 
Co3O4 [29]. Shi et al. [30] also reported that Fe2O3 existed in CoFe2O4 
nanomaterials when the annealing temperature was lower than 700 ◦C 
through a traditional sol–gel synthesis process. In Fig. 1c, the diffraction 
peaks located at 18.4◦, 30.3◦, 35.6◦, 43.1◦, 57.3◦, and 62.7◦ are ascribed 
to the (111), (220), (311), (400), (333), and (440) crystal planes of 
the cubic spinel of MnFe2O4 (JCPDS card no. 74-2403) [31], respec
tively. Additionally, slight Fe2O3 characterization peaks are observed in 
BC-MnFe2O4, which can be attributed to the decomposition of MnFe2O4 
at high temperatures [32]. It has also been confirmed that relatively 
high temperatures favor the formation of Fe2O3 during the MnFe2O4 
calcination process through a sol–gel method [33]. Moreover, the 
characterization peaks of BC cannot be observed among all the BC- 
CuFe2O4, BC-CoFe2O4, and BC-MnFe2O4 spectra because the high- 
intensity peaks of the catalytic materials (e.g., CuFe2O4 and CuO) 

mask the weak intensity peaks of BC. 
The surface functional groups of the prepared nanomaterials were 

identified by interpreting the FTIR spectra. According to Fig. S1b–d, two 
peaks at approximately 1530 cm− 1 and 1049 cm− 1 appear in the spectra 
of all the BC, BC-CuFe2O4, BC-CoFe2O4, and BC-MnFe2O4 samples, 
which can be attributed to the vibrations of the N–H groups and C–O 
groups of BC [34,35], respectively. In addition, the peaks at approxi
mately 535 cm− 1 and 438 cm− 1 are associated with the intrinsic 
stretching vibrations of metals at octahedral sites (Cu–O, Co–O or 
Mn–O) and the tetrahedral metal stretching of Fe–O [36], respectively. 
These results confirm the presence of these vibration bands in the BC- 
CuFe2O4, BC-CoFe2O4, and BC-MnFe2O4 composites. In addition, the N2 
adsorption–desorption isotherms and pore size distribution curves of 
BC-CuFe2O4, BC-CoFe2O4, and BC-MnFe2O4 are illustrated in Fig. S2. All 
isotherms of the prepared materials demonstrate a typical type IV 
isotherm with an H3 hysteresis loop based on the IUPAC classification 
[37], confirming their mesoporous structures. In general, H3-type hys
teresis is generally observed on agglomerated particles forming plate 
slits, cracks, wedge-shaped structures, etc. [38]. Fig. S2b shows the 
broad pore size distribution of different types of nanomaterials in the 
composite nanomaterials. Furthermore, BC-MnFe2O4 represents the 
highest specific surface area and lowest average pore size (48 m2/g, 10 
nm) compared with BC-CuFe2O4 (22 m2/g, 17 nm) and BC-CoFe2O4 (35 
m2/g, 14 nm) (Table S1). Furthermore, the morphologies and elemental 

Fig. 1. XRD spectra of the prepared BC-CuFe2O4 (a), BC-CoFe2O4 (b), and BC-MnFe2O4 (c).  

Fig. 2. TEM images of BC-CoFe2O4 (a–c) and elemental mapping of BC-CoFe2O4 (d–h).  
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compositions of the synthesized nanomaterials were investigated, as 
shown in Figs. 2 and S3. BC-CoFe2O4 had an irregular shape with 15 nm 
nanoparticles. The particle size distribution (PSD) test also showed that 
the particles formed agglomerates of approximately 460 nm (Table S2). 
The elemental mapping of the nanomaterials also confirmed that the 
materials contained C, Co, Fe, and O. Additionally, the TEM and map
ping results of BC-CuFe2O4 and BC-MnFe2O4 also indicated nanosized 
particles and elemental compositions, respectively. 

3.2. Removal of CBZ 

The efficiency of the as-prepared nanocomposites in activating PAA 
to degrade CBZ was examined. Fig. 3a illustrates that all three synthe
sized nanocomposites demonstrate a negligible adsorption capacity for 
CBZ in 30 min, which can be related to their limited surface functional 
groups and porosity. They also represent different behaviors for the 
activation of PAA. BC-CoFe2O4 exhibited the highest CBZ degradation 
efficiency (100 %) in the presence of PAA, while both BC-CuFe2O4 (7 %) 
and BC-MnFe2O4 (7 %) were inactive in this process. Additionally, the 
degradation kinetics achieved with BC-CoFe2O4/PAA in this study are 
greater than those already reported in the literature for CBZ. Such a 
comparison is presented in Table S3. In addition, commercial PAA 
typically contains relatively low concentrations of H2O2. However, ac
cording to the background experiments performed (Fig. S4), no signifi
cant degradation efficiency for CBZ can be expected for the AFe2O4/ 
H2O2 system, confirming that PAA plays a crucial role in the degradation 
of CBZ in the BC-CoFe2O4/PAA system. Further experiments were also 
conducted to study whether PAA can be self-activated for the degrada
tion of CBZ. For this purpose, the concentrations of residual PAA with 
and without the catalysts were measured using UV–Vis spectroscopy, as 
described in the Supporting information. According to the results 
(Figs. S5 and S6), the self-decomposition of PAA was negligible, and the 
lowest residual concentration of this oxidation agent was detected in the 
BC-CoFe2O4 (46 % of the initial concentration) system, followed by BC- 
MnFe2O4 (68 %) and BC-CuFe2O4 (87 %). This reveals that more active 
species can be generated for the degradation of CBZ in the BC-CoFe2O4/ 
PAA system. The higher efficiency of BC-CoFe2O4 compared to that of 
the other catalysts is mainly attributed to the presence of Co in its 
composition. To further confirm this hypothesis, homogenous catalytic 
activation of PAA with different metal ions, including Co, Mn, Cu, and 
Fe, was also performed to degrade CBZ. According to the results 
(Fig. S7a), Co2+ (1 mM) displayed an excellent degradation efficiency 
(100 %, 2 min) for CBZ compared with Cu2+ (5 %, 20 min) and Mn2+

(20 %, 20 min) in the presence of PAA, confirming that Co2+ is the most 
efficient catalyst among those studied in the present research. Further
more, the addition of Fe3+ did not efficiently improve the degradation 
performance of the Cu2+ (or Co2+ or Mn2+)/Fe3+/PAA systems 
(Fig. S7b). According to the literature [39], a high electron transfer rate 

in the catalyst also promotes nonradical pathways during the degrada
tion of organic pollutants. This is due to the generation of more elec
trons, leading to the production of species such as singlet oxygen in the 
medium. In the present study, the cyclic voltammetry curves (Fig. S8) of 
the prepared nanomaterials demonstrated that BC-MnFe2O4 has the 
highest current density. In contrast, BC-CuFe2O4 has the lowest current 
density under the same conditions, indicating that BC-MnFe2O4 has 
excellent electron transfer performance. BC-MnFe2O4 also exhibited the 
highest specific surface area, highest electron transfer capacity, and 32 
% decomposition ratio of PAA, while it only presented a 7 % degradation 
efficiency for CBZ. This is mainly because Mn2+ efficiently quenches 
peroxy radicals (e.g., CH3C(O)OO• and CH3C(O)O•) through an electron 
transfer reaction with a reaction rate constant of 105 ~ 106 M− 1 S− 1 

[40], resulting in a low degradation efficiency of CBZ because fewer 
active species are involved in the CBZ degradation process. 

3.3. Effects of critical factors on CBZ removal by BC-AFe2O4/PAA 

Different factors influencing CBZ removal in this system were eval
uated to optimize the degradation performance of CBZ in the BC-AFe2O4 
system. As shown in Figs. 4 and S9, the CBZ removal efficiency increased 
from 3 % to 100 %, and the Kobs of CBZ increased from 0.002 min− 1 to 
0.36 min− 1 with increasing PAA concentration from 0 mM to 0.8 mM in 
the BC-CoFe2O4/PAA system. These results indicate that higher PAA 
concentrations generate more active species in these catalytic processes 
for the degradation of CBZ. However, the degradation efficiency of CBZ 
slightly decreased when the PAA concentration further increased to 1.2 
mM and 1.6 mM, which can be attributed to excess PAA quenching the 
active species in the BC-CoFe2O4/PAA system. In addition, the H2O2 
concentration increased with increasing PAA concentration since the 
commercial PAA solution contained both PAA and H2O2. It has also been 
proven (Eqs. (1)–(3)) that a relatively high concentration of H2O2 can 
scavenge active radicals, including CH3C(O)OO• and CH3C(O)O• [41]. 
Hence, the degradation rate of CBZ slightly decreases because of the low 
oxidizing capacity of HO2

• . Similar results were reported by Zhang et al. 
[42], who reported that the degradation efficiency of 2,4-dichlorophe
nol increased from 0.057 min− 1 to 0.17 min− 1 as the PAA concentra
tion increased from 0.05 mM to 0.26 mM, while the degradation 
efficiency was slightly inhibited when the PAA concentration reached 
1.04 mM in the Co@MXenes/PAA system. Moreover, the degradation 
efficiency of CBZ increased insignificantly as the PAA concentration 
increased from 0 mM to 1.6 mM in the BC-CuFe2O4/PAA and BC- 
MnFe2O4/PAA systems (Figs. S10a and S11a), which can be ascribed to 
the fact that neither BC-CuFe2O4 nor BC-MnFe2O4 can efficiently acti
vate PAA for the degradation of organic pollutants under such 
conditions.  

H2O2 + CH3C(O)OO• → HO2
•

+ CH3C(O)OOH                                   (1) 

Fig. 3. Adsorption (a) and degradation (b) efficiencies of CBZ by different systems. Conditions: 0.3 g/L nanomaterials, 4 mg/L CBZ, 0.8 mM PAA.  
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H2O2 + CH3C(O)O• → HO2
•

+ CH3C(O)OH                                        (2)  

O2
•− + CH3C(O)OO• → O2 + CH3C(O)OO− (3) 

The effects of catalyst dosage on the degradation of CBZ in the BC- 
AFe2O4 system were also investigated. According to Figs. 4b and S9b, 
the degradation efficiency of CBZ increased obviously from 1 % to 100 % 
as the catalyst dose increased from 0 g/L to 0.3 g/L in the BC-CoFe2O4/ 
PAA system, implying that the self-activation of PAA cannot efficiently 
degrade CBZ. An increase in the catalyst dose also provides more active 
sites for the activation of PAA; hence, more active species are expected 
under such conditions to accelerate CBZ degradation. However, the 
degradation efficiency of CBZ decreased when the catalyst concentra
tion further increased to 0.4 g/L and 0.5 g/L, which could be related to 
the agglomeration of the nanomaterials due to magnetic gathering ef
fects. Thus, the loss of surface active sites on the catalyst results in the 
low generation of active species and, consequently, low CBZ degrada
tion efficiency in such a system [43]. Furthermore, increasing the 
catalyst concentration from 0.0 g/L to 0.5 g/L had no significant effect 
on the removal of CBZ using the BC-CuFe2O4 and BC-MnFe2O4 catalysts 
(Figs. S10b and S11b). This can further confirm the low efficiencies of 
these catalysts for the activation of PAA. 

The effects of different CBZ concentrations on the BC-CoFe2O4/PAA 
system were also analyzed, as shown in Figs. 4c and S9c. The degrada
tion rate of CBZ decreased from 0.39 to 0.18 min− 1 as the CBZ con
centration increased from 1 to 6 mg/L. This is due to the existence of 
relatively fewer oxidative species generated by the catalytic oxidation 
process for the degradation of more CBZ molecules present in the me
dium [44]. Similar trends were also observed in the present study for BC- 
CuFe2O4 and BC-MnFe2O4 at different concentrations of CBZ (Figs. S10c 
and S11c). However, in the latter cases, the degradation efficiency of 
CBZ was still poor even at a low CBZ concentration of 1 mg/L (14 % 
removal efficiency for both BC-CuFe2O4 and BC-MnFe2O4). 

This study was further extended to investigate the effects of the so
lution pH on the degradation of CBZ in the BC-AFe2O4/PAA system. As 
illustrated in Figs. 4d and S9d, BC-CoFe2O4 displayed excellent degra
dation performance for CBZ (0.36 min− 1) at near-natural pH (initial pH), 
but the degradation efficiency decreased to 0.17 min− 1 and 0.003 min− 1 

at pH values of 3 and 11, respectively. These observations can be 
ascribed to the surface charge of the catalyst and the dissociation of PAA 
at different pH values. The dissociation constant (Ka) of PAA was 
approximately 8.2 (Fig. S13), indicating that the dominant species of 
PAA are acid (CH3C(O)OOH) and conjugate base (CH3CO3

− ) at pH values 
of 3 and 11, respectively [16]. The acid species of PAA are too stable to 

Fig. 4. Effects of the PAA concentration (a), BC-CoFe2O4 dose (b), CBZ concentration (c), initial pH (d), and solution temperature (e) on CBZ degradation in the BC- 
CoFe2O4/PAA system. Conditions: 0.8 mM PAA except (a), 0.3 g/L BC-CoFe2O4 except (b), 4 mg/L CBZ except (c), initial pH = 6.4 except (d), temperature 294 K 
except (e). 
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be easily activated in this system, resulting in a low generation of active 
species. In addition, the electrostatic repulsion effects between the 
catalyst (the potential of zero charge of BC-CoFe2O4 is approximately 
5.5 (Fig. S12b)) and PAA are enhanced at pH 3, resulting in PAA being 
difficult to attach to the surface of BC-CoFe2O4. The concentration of 
free Co2+ also increased in the medium at pH 3, which accelerated the 
activation of PAA. Together, these abovementioned factors led to a 
decrease in the degradation efficiency of CBZ in the BC-CoFe2O4/PAA 
system at pH 3. Furthermore, the CBZ degradation efficiency signifi
cantly decreased at pH 11, which can be explained by the following 
factors. First, the interactions between BC-CoFe2O4 and PAA are 
inhibited due to the electrostatic repulsion effect between the negative 
surface charge of BC-CoFe2O4 and the conjugate base species of PAA. 
Second, the fast hydrolysis of PAA occurs via a nonradical process (Eqs. 
(4)–(6) under alkaline conditions, leading to rapid consumption of PAA 
[45]. Third, cobalt hydroxide is generated readily when the solution pH 
exceeds 8, and it is a dominant form when the solution pH is greater than 
9.5. Hence, the amount of free Co2+ ions in the medium decreases, and 
the unreactive cobalt hydroxide complexes on the surface of the nano
materials inhibit their catalytic activity. Accordingly, alkaline condi
tions, particularly strongly alkaline conditions, hinder the degradation 
of CBZ in the BC-CoFe2O4/PAA system. Furthermore, the effects of 
different solution pH values in the BC-CuFe2O4/PAA and BC-MnFe2O4/ 
PAA systems on the degradation of CBZ are depicted in Figs. S10d, S11d, 
and S12a, c. According to the results, no significant changes in the ef
ficiency of the abovementioned systems were observed by changing the 
pH of the medium.  

CH3C(O)OOH + CH3C(O)OO− → CH3C(O)OH + CH3C(O)O− + O2    (4)  

CH3C(O)OOH + H2O → CH3C(O)OH + H2O2                                   (5)  

CH3C(O)OO− + H2O2 → CH3C(O)O− + H2O + O2                            (6) 

The effects of the reaction temperature on the degradation of CBZ in 
the BC-AFe2O4/PAA system were also explored. As depicted in Figs. 4e 
and S9e, the degradation rate constant of CBZ increased sharply from 
0.36 min− 1 to 1.62 min− 1 when the operating temperature increased 
from 294 K to 333 K in the BC-CoFe2O4/PAA system. As illustrated in 
Fig. S9f, the thermally activated PAA process (without a catalyst) for the 
degradation of CBZ was less effective in the present study. Hence, the 
improved degradation efficiency can be attributed to the increased 
diffusion rate and mass transfer between the nanomaterials, PAA, and 
CBZ, thus accelerating the degradation efficiency of CBZ in this system 
[46]. In addition, the activation energy of CBZ degradation (0.8 mM 
PAA, 0.3 g/L BC-CoFe2O4, 4 mg/L CBZ, initial pH = 6.5) was 33.77 kJ/ 
mol, which is similar to that in a previous report of 35.6 kJ/mol (an 
ultrasound/FeS/persulfate/CBZ system) [47] and 40.96 kJ/mol (a 
Co3MnFeO6/peroxymonosulfate/CBZ system) [48]. As depicted in 
Figs. S10e and S11e, a high temperature is not favorable for the 
degradation of CBZ in the BC-CuFe2O4/PAA system or BC-MnFe2O4/ 
PAA system, revealing that BC-CuFe2O4 and MnFe2O4 cannot efficiently 
activate PAA for the degradation of CBZ under such conditions. In 
conclusion, operation parameters, including the PAA concentration, 
catalyst dosage, CBZ concentration, solution pH, and reaction temper
ature, play important roles in the degradation of CBZ in the BC- 
CoFe2O4/PAA system, but these parameters have a minor effect on the 
degradation of CBZ in the BC-CuFe2O4/PAA and BC-MnFe2O4/PAA 
systems. 

3.4. Reaction mechanisms 

In general, the activation process of PAA by BC-CoFe2O4 is relatively 
complicated since multiple active species, including singlet oxygen 
(1O2), •OH, and R-O• (e.g., CH3C(O)OO•, CH3C(O)O•, CH3O2

• , and •CH3), 
with different reactivities are generated via chain reactions during the 
degradation process. Scavenging experiments were conducted to 

identify the primary active species responsible for the degradation of 
CBZ. It has been previously reported that methyl alcohol (MeOH) is a 
scavenger for •OH and R-O•, while tert-butyl-alcohol (TBA) quenches 
only •OH [49]. Furfuryl alcohol (FFA) is a widely used scavenger for 1O2 
with a rate constant of 1.2 × 108 M− 1 S− 1 [50]. As shown in 
Figs. S14–S16, the presence of MeOH and TBA had little effect on the 
PAA activation process, implying that the addition of MeOH and TBA is 
only responsible for quenching free species in the CoFe2O4/PAA system. 
In addition, although FFA slightly accelerated the decomposition of 
PAA, this effect was negligible compared with that of the BC-CoFe2O4- 
activated PAA process. Hence, these scavengers are highly reliable for 
quenching the active species in the CoFe2O4/PAA system. 

Figs. 5 and S17 show that the addition of MeOH significantly 
inhibited the degradation efficiency of CBZ in the CoFe2O4/PAA system, 
while the presence of TBA slightly prevented the degradation of CBZ. 
These results indicate that •OH plays an insignificant role in the degra
dation of CBZ, and R-O• are the crucial radicals during CBZ degradation. 
In addition, the degradation efficiency of CBZ decreased sharply after 
the addition of FFA, suggesting that 1O2 is the primary species respon
sible for the degradation of CBZ. However, previous reports confirmed 
that Co2+ is not responsible for the generation of 1O2 [51]; hence, the 
majority of the 1O2 was produced by self-decomposition reactions of 
PAA (Eq. (7)). In addition, both the BC-CuFe2O4/PAA and BC-MnFe2O4/ 
PAA systems demonstrated a low CBZ degradation efficiency (Fig. 3), 
suggesting that the amount of 1O2 generated from such self- 
decomposition reactions is not sufficient for the degradation of CBZ. 
Hence, the effect of 1O2 on CBZ degradation can also be ignored in the 
BC-CoFe2O4/PAA system. Hence, R-O• may be responsible for the 
degradation of CBZ in the BC-CoFe2O4/PAA system. The self- 
decomposition of CH3C(O)O• generates •CH3 (Eq. (8), k = 2.3 × 105 

S− 1), which is highly unstable in the presence of oxygen and reacts with 
oxygen to form CH3O2

• (Eq. (9), k = 4.1 × 109 M− 1 S− 1) [52]. Addi
tionally, CH3O2

• demonstrated relatively low reactivities for most 
organic pollutants (e.g., methylene blue, sulfamethoxazole, CBZ) with 
low reaction rate constants (105 ~ 107 M− 1 S− 1) [53], suggesting that 
both CH3O2

• and •CH3 are not responsible for the degradation of CBZ in 
the CoFe2O4/PAA system. In addition, CH3C(O)O• displays lower reac
tion constants (105 ~ 107 M− 1 S− 1) for most organic pollutants (e.g., 
barbituric acid and uric acid) than CH3C(O)OO• (107 ~ 109 M− 1 S− 1), 
implying that CH3C(O)OO• plays a more critical role in the degradation 
of CBZ in the CoFe2O4/PAA system. The degradation of CBZ by CH3C(O) 
O• is highly dependent on the β-cleavage reaction rate constant [40], 
which is comprehensively discussed in Text S8, and it also confirms that 
the effect of CH3C(O)O• on the degradation of CBZ can be ignored in the 
BC-CoFe2O4/PAA system. In conclusion, CH3C(O)OO• is the primary 
radical responsible for CBZ degradation in this system.  

CH3C(O)OOH + CH3C(O)OO− → CH3C(O)OH + CH3C(O)O− + 1O2   (7)  

CH3C(O)O• → •CH3 + CO2                                                               (8)  
•CH3 + O2 → CH3O2

• (9) 

In situ ATR-FTIR analysis was conducted to further understand the 
interactions between BC-CoFe2O4 and PAA. As shown in Fig. S18, the 
intensities of the characteristic peaks at 1715 cm− 1, 1387 cm− 1, and 
1274 cm− 1 in the spectrum of the PAA solution increased with 
increasing PAA concentration, which can be assigned to the stretching 
vibration of the carbonyl group (C––O) [54], C–H in-plane bending vi
bration [55], and moderate C–H bending of PAA [56], respectively. The 
characteristic peaks of PAA exhibit an apparent shift, and the intensity of 
these peaks also decreased in the presence of BC-CoFe2O4, revealing that 
BC-CoFe2O4 activated PAA in the medium. The characteristic peak of 
–OH stretching vibrations at approximately 3500 cm− 1 in the spectrum 
of the PAA solution became increasingly wider after the reaction with 
BC-CoFe2O4, indicating the formation of –OH groups on the surface of 
BC-CoFe2O4, and these groups were involved in the PAA activation 
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process. Similar results were reported by Zhang et al. [40], who reported 
that CH3C(O)O• was generated from the split O–O bond of PAA and the 
remaining –OH groups on the CuO surface in the CuO/PAA system. 
Moreover, CV tests were carried out to further investigate the reaction 
mechanisms in the BC-CoFe2O4/PAA system. As shown in Fig. S19, a 
noticeable reduction peak was observed after the addition of PAA, 
indicating that redox was coupled with PAA activation in the BC- 
CoFe2O4/PAA system. Guo et al. [57] observed that the intensity of the 
oxidation peak increased in the presence of persulfate in the MnOx/ 
persulfate system, suggesting that Mn3+/Mn4+ redox was involved in 
the activation process of persulfate in this system. 

According to the above discussion, it can be concluded that CH3C(O) 
OO• is generated from the redox reaction between BC-CoFe2O4 and PAA, 
which is responsible for the degradation of CBZ in the BC-CoFe2O4/PAA 
system. Hence, a possible mechanism for the activation of PAA was 
proposed, as shown in Fig. 5d. In the preliminary stage, PAA can accept 
one electron from the surface of –––Co2+ via Eq. (10), resulting in the 
formation of CH3C(O)O•. Moreover, –––Co3+ can also react with PAA to 
produce CH3C(O)OO• via Eq. (11), which is beneficial for the continuous 
conversion of –––Co2+/–––Co3+ on the surface of BC-CoFe2O4. Although 
CH3C(O)O• can react with PAA via Eq. (12), the rate constant ((0.01–1) 
× 107 M− 1 S− 1)) is less than the reaction rate constant for self- 
decomposition of CH3C(O)O• (Eqs. (8) and (9)) [58], indicating that 
CH3C(O)O• is not involved in the PAA decomposition process. Therefore, 
most of the PAA is consumed through the reaction of –––Co2+ and –––Co3+. 
Notably, Fe3+ can also react with PAA for the degradation of CBZ 
(Fig. S7), but the contributions of Fe3+ are insignificant in the BC- 
CoFe2O4/PAA system due to the much lower reaction rate of Fe3+ with 
PAA compared with that of Co2+ (Fig. S7) and the lower concentration 
of iron ions under near-neutral pH conditions. Dong et al. [19] also re
ported that the contributions of Fe2+/Fe3+ to the degradation of sulfa
methoxazole in the BC (derived from lignin)-CoFe2O4/PAA system are 

very limited. Furthermore, the high surface area of BC provides more 
active sites for the activation of PAA in the CBZ degradation process, and 
the surface functional groups of BC accelerate the movement of electrons 
in the BC-CoFe2O4/PAA system, which improves the degradation effi
ciency of CBZ in this medium [59].  

–––Co2+ + CH3C(O)OOH → –––Co3+ + CH3C(O)O•

+ OH− (10)  

–––Co3+ + CH3C(O)OOH → –––Co2+ + CH3C(O)OO•

+ H+ (11)  

CH3C(O)OOH + CH3C(O)O• → CH3C(O)OO•

+ CH3C(O)OH             (12)  

3.5. Effects of water matrices on CBZ removal by BC-CoFe2O4/PAA 

CBZ-contaminated real wastewater normally contains natural 
organic matter (e.g., HA) and different ions (e.g., Cl− , HCO3

− , NO3
− ), 

which may compete with CBZ for the active sites of nanomaterials and 
active species in the medium during the degradation process. Hence, this 
work also considered the influence of natural organic matter and 
different ions on the degradation of CBZ in the BC-CoFe2O4/PAA system. 
HA, as a macromolecular organic pollutant, normally displays a complex 
structure and non-biodegradation characteristics [60]. The effects of HA 
on CBZ degradation in this system are depicted in Figs. 6a and S20. The 
CBZ degradation efficiency after 20 min decreased significantly from 
100 % to 74 % when the HA concentration increased from 0 mg/L to 50 
mg/L. This can be attributed to the fact that HA can occupy the active 
sites of BC-CoFe2O4 through complexation effects, resulting in insuffi
cient active sites for the activation of PAA. In addition, previous studies 
confirmed that HA scavenges R-O• radicals in the medium (104 L mg− 1 

s− 1) [61], leading to the active species being insufficiently present in the 
medium for the degradation of CBZ. In Fig. 6b, the CBZ degradation 

Fig. 5. Effects of different scavengers (a–c) on CBZ degradation in the BC-CoFe2O4/PAA system. Conditions: 4 mg/L CBZ, 0.8 Mm PAA, 0.3 g/L nanomaterials. The 
proposed mechanisms for CBZ degradation in the BC-CoFe2O4/PAA system. 
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efficiency is slightly suppressed at a relatively low Cl− concentration in 
the BC-CoFe2O4/PAA system, which can be attributed to the competi
tion of active sites and species between CBZ and Cl− . Interestingly, CBZ 
degradation was hardly affected at a relatively high Cl− concentration in 
this system, which can be related to the formation of chlorine-containing 
radicals (Cl•, Cl2

•− ) via Eqs. (13) and (14), implying that these radicals 
also take part in the degradation process of CBZ in this medium. Similar 
results have been observed for the degradation of sulfamethoxazole in 
the zero-valent cobalt/PAA system [45]. In Fig. 6c, the presence of 
HCO3

− significantly inhibited CBZ degradation in the CoFe2O4/PAA 
system, which can be ascribed to the scavenging effects of HCO3

− on •OH 
via Eq. (15). In addition, the formation of unreactive Co2+–HCO3

−

complexes reduces the free Co2+ in the medium, resulting in a low 
generation of active species and a decreased degradation efficiency of 
CBZ. Deng et al. [62] also reported that the degradation efficiency of 
diclofenac was inhibited in the presence of HCO3

− in a phosphate/PAA 
system. As shown in Fig. 6d, the presence of NO3

− had a negligible effect 
on CBZ degradation in the CoFe2O4/PAA system, which can be attrib
uted to the fact that NO3

− hardly reacts with the active species (e.g., 
CH3C(O)OO•) in the medium. In conclusion, the CoFe2O4/PAA system 
can be considered a potential promising candidate for the treatment of 
CBZ-containing real wastewater.  

CH3C(O)OO•

+ Cl− + H+ → CH3C(O)OOH + Cl• (13)  

Cl• + Cl− → Cl2
•− (14)  

•OH + HCO3
− → CO3

•− + H2O                                                        (15)  

3.6. Degradation intermediate analysis and toxicity evaluation 

The transformation products of CBZ in the BC-CoFe2O4/PAA system 
were determined by using UHPLC-DAD-QTOF-MS. Seven degradation 
products were identified, as summarized in Table S4. In addition, the 
time-dependent evolution of major products is presented in Fig. S21. 
The relative peak area (based on the initial CBZ peak area) of product P1 
increased more obviously than that of the other degradation products, 
revealing that P1 may be the major intermediate during CBZ degrada
tion. The proposed degradation pathways of CBZ are illustrated in Fig. 7. 
The olefinic double bond of CBZ, which has a high frontier electron 
density, is considered the primary reactive site and can be easily 
attacked by active species (e.g., CH3C(O)OO•) [63]. Hence, the products 
P1 and P2 could be generated by CH3C(O)OO• attacking the olefinic 
double bond in the central heterocyclic ring of CBZ. Subsequently, the 
intermediate of P3 was produced from P2 through the cleavage and 
oxidation of the heterocyclic ring. The generation of products P4 and P5 
is also related to the further oxidation of P2, and intermediate P6 could 
be generated through the cleavage of the aldehyde group of P5. Finally, 
these intermediates can be oxidized into small compounds (e.g., P7). 

The toxicity of CBZ and CBZ degradation intermediates in the BC- 
CoFe2O4/PAA system was assessed by using different factors, including 
acute toxicity, bioconcentration factor, developmental toxicity, and 
mutagenicity. As shown in Fig. 8a, intermediates P1, P4, P6, and P7 
display lower acute toxicity than CBZ, but some intermediates, including 
P2, P3, and P5, still have high toxicity. In addition, most degradation 
products, except for P5 and P6, presented a decreased bioconcentration 
factor (Fig. 8b), indicating that the bioconcentration of these in
termediates was lower than that of CBZ. As shown in Fig. 8c and d, three 
intermediates demonstrated a remarkable decrease in developmental 

Fig. 6. Effects of HA (a), NaCl (b), NaHCO3 (c), and NaNO3 (d) on CBZ degradation in the BC-CoFe2O4/PAA system. Conditions: 4 mg/L CBZ, 0.8 mM PAA, 0.3 g/L 
nanomaterials. 
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toxicity compared with CBZ, and four degradation products were 
determined to be mutagenic. Notably, transformation products P1 and 
P2 were the major products of CBZ degradation (Fig. S21). Hence, the 
overall toxicity of CBZ degradation products is lower than that of CBZ, 
according to a comprehensive assessment of the toxicity results. How
ever, more attention needs to be given to some degraded products that 

still have high toxicity to provide efficient complementary treatments. 
For instance, the concentration of intermediate P1 decreased after 15 
min of CBZ degradation (Fig. S21), indicating that prolonging the re
action time can be considered an efficient method for solving this issue. 

Fig. 7. Proposed CBZ degradation pathways in the BC-CoFe2O4/PAA system.  

Fig. 8. Acute toxicity (a), bioconcentration factor (b), developmental toxicity (c), and mutagenicity (d) of CBZ and its degradation products.  
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3.7. Applicability and stability of BC-CoFe2O4 

The BC-CoFe2O4/PAA system was further evaluated for its ability to 
degrade various organic pollutants, including CBZ, sulfamethoxazole 
(SMX), 17-α-ethynylestradiol (EE2), ciprofloxacin (CIP), and diclofenac 
(DCF). The system demonstrated excellent degradation efficiencies for 
these pollutants (Fig. 9). Among all the treated pollutants, CBZ exhibited 
the best degradation performance, and CIP exhibited the worst degra
dation performance, suggesting that the active species may have selec
tivity for certain contaminants in this medium. It has also been reported 
that CH3C(O)OO• has high reactivity with electron-rich functional 
groups (e.g., primary amines or secondary amines), indicating that CH3C 
(O)OO• prefers to react with pollutants with electron-rich groups, which 
leads to rapid degradation of these organic pollutants. In addition, the 
relationship between the pollutant degradation kinetics and ionization 
potential was investigated. In general, the ionization potential of con
taminants can be decreased by the addition of electron-rich groups (e.g., 
amine and hydroxyl). In contrast, this value can be increased with 
electron-withdrawing groups (e.g., nitryl and carboxyl) [64]. As shown 
in Table S5 and Fig. S22, a probable ionization potential threshold was 
identified at 7.2 eV, revealing that a pollutant with a high ionization 
potential (e.g., CIP > 7.2 eV) is difficult to degrade in this system. Such a 
selective degradation process based on the ionization potential values 
has also been reported for the Co-Fe bimetal catalyst/perox
ymonosulfate system [65] and discharge plasma system [66]. 

The reusability and stability of the spent catalysts were also inves
tigated, as illustrated in Figs. S23–S25. All BC-AFe2O4 materials exhibit 
outstanding magnetic properties and are hence easy to separate from 
treated water using a magnet. In addition, no significant decrease in CBZ 
degradation efficiency was observed after three recycling runs in the BC- 
CoFe2O4/PAA system. The FTIR spectra of fresh and used BC-CoFe2O4 
demonstrated the same peaks (Fig. S25), indicating that BC-CoFe2O4 is a 
stable and recyclable activator for PAA. The effects of different water 
sources on CBZ degradation in the BC-CoFe2O4/PAA system are illus
trated in Fig. S26a–c. The CBZ degradation efficiencies were signifi
cantly inhibited when tap water (0.06 min− 1) and real effluent (0.0047 
min− 1) were used as the carrying media compared with ultrapure water 
(0.36 min− 1). This can be attributed to the fact that tap water and real 
effluents contain different ions, natural organic matter, and bacteria, 
which consume the active species in the medium, resulting in a low CBZ 
degradation efficiency in this system. At a high PAA concentration (2 
mM), the CBZ removal efficiencies were improved in tap water (0.18 
min− 1) and real effluents (0.042 min− 1). Hence, the BC-CoFe2O4/PAA 

system is a promising method for the treatment of real wastewater. 

3.8. Removal of CBZ in dynamic systems 

The degradation efficiency of CBZ was also evaluated in a continuous 
system, as shown in Fig. 10a. In this system, BC-CoFe2O4 was immobi
lized by using a permanent magnet, which can be considered a prom
ising way to solve the recycling and separation problems of 
nanomaterials. The reaction time between the catalysts and PAA/pol
lutants was approximately 8 min based on the reactor volume and flow 
rate. The degradation efficiency of CBZ increases slowly with increasing 
cumulative volume and ultimately reaches a removal ratio of approxi
mately 70 % (Fig. 10c). This can be attributed to the fact that the active 
species are insufficient for the degradation of CBZ due to the short 
contact time between BC-CoFe2O4 and PAA. As shown in Fig. 10d, the 
circular system (Fig. 10b) displays excellent degradation (97 %) of CBZ 
after 3 h, suggesting that BC-CoFe2O4 is stable and recyclable. In addi
tion, the leaching of cobalt ions was 0.158 mg/L and 0.106 mg/L in the 
continuous system and circular system, respectively. The leaching of 
iron ions was less than 0.005 mg/L in both of the dynamic systems 
(Table S6). These values are much lower than the permissible discharge 
limit (1.0 mg/L) for industrial wastes according to the Chinese National 
Standard (GB 25467–2010) and Canadian Water Quality Guidelines 
[67,68]. Hence, it can be concluded that the BC-CoFe2O4/PAA system 
exhibits exceptional degradation of CBZ in dynamic systems, confirming 
that it provides a potential immobilization method for magnetic mate
rials for water remediation in practical long-term reaction systems. 

4. Conclusions 

In the present study, novel magnetic biochar (BC)-ferrospinel AFe2O4 
(A = Cu, Co, or Mn) nanocomposites were successfully synthesized and 
applied for the first time in PAA activation for the degradation of organic 
pollutants. Compared with BC-MnFe2O4 (7 %) and BC-CuFe2O4 (7 %), 
BC-CoFe2O4 demonstrated excellent carbamazepine degradation effi
ciency (100 %) in the presence of PAA. The continuous conversion of Co 
(II) to Co(III) promoted the generation of CH3C(O)OO• radicals, which 
are the primary active species for the degradation of CBZ in the BC- 
CoFe2O4/PAA system. In addition, the best conditions were obtained at 
0.8 mM PAA, 0.3 g/L catalyst, 1 mg/L CBZ, near neutral pH, and 333 K 
in the BC-CoFe2O4/PAA system. The BC-CoFe2O4/PAA system also 
exhibited outstanding degradation efficiency for CBZ in the presence of 
humic acid (20 mg/L), NaCl (0.05 M), and NaNO3 (0.01 M). It can 
degrade various recalcitrant organic contaminants (e.g., ciprofloxacin, 
sulfamethoxazole, 17-α-ethynylestradiol, and diclofenac sodium). 
Furthermore, the degradation products and possible degradation path
ways of CBZ were proposed, and the overall toxicity of the trans
formation products was lower than that of CBZ based on the Toxicity 
Estimation Software Tool analysis. The recycling experiments also 
demonstrated that the BC-CoFe2O4/PAA system has high stability and 
can be used in dynamic systems and real wastewater treatment. This 
work provides an in-depth comparative study of BC-AFe2O4 for PAA 
activation and will facilitate the application and development of PAA- 
based AOPs in wastewater treatment. 
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