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Abstract
Direct chemical oxidation and pure adsorption could not effectively remove p-Arsanilic acid (p-ASA) and the released inor-
ganic arsenic. Herein, one novel biochar supported  MnFe2O4 (MFB) was synthesized and adopted for p-ASA degradation 
and synchronous adsorption of the generated inorganic arsenic. The MFB/persulfate (PS) system could remain effective 
under a wide pH range (3.0–9.0), and the released arsenic could be removed simultaneously by MFB. Mechanism investiga-
tion revealed that the functional groups of MFB (i.e. O–C=O and C=O), Fe and Mn oxides on MFB all contributed to PS 
activation.  O2

·− and 1O2 were the main reactive oxygen species (ROS) responsible for p-ASA degradation, and 1O2 was the 
predominant ROS. Besides, the MFB  possessed superior reusability. Therefore, it is expected to develop a potential method 
for organic arsenic contaminants removal via an oxidation-adsorption process, and the results could also shed light on the 
better understanding of the PS activation mechanisms.
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Graphical Abstract

Highlights

• Satisfactory p-ASA degradation was achieved in a wide 
pH range.

• Simultaneous removal of p-ASA and the released arsenic 
was achieved in biochar supported  MnFe2O4/persulfate 
system.

• Generation abundant reactive oxygen species via redox 
cycles between Mn and Fe.

Keywords Persulfate · Biochar · Manganese ferrite · Redox 
cycle · Organic arsenic compounds

1 Introduction

As one kind of commonly used phenylarsonic feed additives, 
p-Arsanilic acid (4-aminophenylarsonic acid, p-ASA), has 
been widely applied for promoting growth, guarding dis-
eases, and improving animals' appearance in stock farming 
(Ke et al. 2021). After ingestion, it is minimally metabolized 

in animal bodies, and most of them are discharged through 
excrement with unchanged chemical structure (Chen et al. 
2021). Notwithstanding p-ASA is low toxic, it could be con-
verted into more mobile and toxic inorganic arsenic (As) 
species (As(V) and As(III)) via biological and abiotic pro-
cesses once released into the environment (Su et al. 2019; 
Yao et al. 2021e). As is carcinogenic, and the residual As 
could  pose severe threats to human health (Wang et al. 
2020b; Weerasundara et al. 2021). Therefore, developing 
an effective and environmental-friendly p-ASA treatment 
method for preventing As generation is a top priority.

Presently, adsorption and chemical oxidation have been 
exploited as two mainstream technologies to remove p-
ASA from water (Fan et al. 2018; Liang et al. 2021). How-
ever, the adsorption removal  efficiency was much lower 
than  that towards inorganic arsenic species because of the 
complicated substituent group of p-ASA (Ke et al. 2021). 
Moreover, although chemical oxidation exhibited desirable 
degradation performances to p-ASA, the generated hazard-
ous inorganic arsenic species should be properly treated (Ye 
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et al. 2022). Nowadays, the combination of chemical oxida-
tion and adsorption for p-ASA elimination has become a 
trend. Compared with direct adsorption and pure chemical 
oxidation, the combined technique could effectively decom-
pose p-ASA, and the generated inorganic arsenic could be 
subsequently anchored (Su et al. 2019). Past related research 
reported that Fenton process was potential for p-ASA degra-
dation, and the residual arsenic could be effectively removed 
through adsorption by the generated precipitate (Xie et al. 
2016). But the limitations of narrow pH range and non-reus-
able Fenton catalysts have hindered its practical application 
(Yao et al. 2021c).

Up to now, persulfate-based advanced oxidation process 
has become a research hotspot because of the advantages 
of strong oxidation ability and broad pH application range 
(Wu et al. 2020a). Persulfate (PS) could be activated to form 
powerful reactive oxygen species (ROS) to decompose target 
pollutants (Huang et al. 2019; Yao et al. 2021a, 2021d). Of 
late, Fe(II)/PS system has been demonstrated effective for 
simultaneous p-ASA and the formed arsenic removal at pH 
6–7 (Wang et al. 2020b). To solve the problem of the gener-
ated large amounts of iron sludge, Chen et al. developed  Fe0/
PS system to degrade p-ASA (Chen et al. 2021). However, 
 Fe0 preparation was complicated (Yao et al. 2021e). Addi-
tionally,  Fe0 is unstable when  in contact with air, resulting 
in  a significant decrease of the reactivity (Hussain et al. 
2017).

Most recently, magnetic spinel ferrites  (MFe2O4, M=Cu, 
Ni, Zn, etc.) with fascinating physiochemical characteris-
tics, including low  toxicity, strong magnetism,  stability, 
and high catalytical properties, have been widely deemed 
as one promising PS activator (Yao et al. 2021a). Chen et al. 
applied  CuFe2O4 to catalyze peroxymonosulfate for p-ASA 
degradation,  and they found that the synchronous removal 
of p-ASA and the generated arsenic could be achieved (Chen 
et al. 2020). Nevertheless, some inherent disadvantages, 
such as agglomeration, non-recyclability, and limited elec-
tron transfer, have impeded its reactivity (Wen et al. 2021). 
To overcome the drawbacks mentioned above, immobilizing 
spinel ferrites onto different carriers is a preferred choice (Fu 
et al. 2021; Yao et al. 2021a). Biochar (BC) has been widely 
reported as a promising support matrix with the advantages 
of porous structure and huge surface areas (Delgado et al. 
2020; Luo et al. 2022; Park et al. 2020; Qiu et al. 2021a; Wu 
et al. 2020a; Yao et al. 2021b). Our preliminary research 
reported that the application of biochar could stabilize mag-
netic ferrites, the behavior of BC is distinct from common 
carriers, biochar/magnetic ferrite composites could inherit 
the advantages of biochar and ferrites (Yao et al. 2021a).

As one typical magnetic spinel ferrite, the latest stud-
ies have proved that  MnFe2O4 is a desirable PS catalyst 
(Liu et al. 2021; Ma et al. 2019). Besides, past researches 
reported that  MnFe2O4 was also an efficient adsorbent both 

towards organic and inorganic arsenic species (Hu et al. 
2017). Furthermore, BC supported  MnFe2O4 nanocomposite 
has been applied as high-performance adsorbent for several 
organic arsenic compounds including p-ASA (Wen et al. 
2021). However, BC supported  MnFe2O4 has never been 
used as PS activator for p-ASA degradation before. If the 
BC supported  MnFe2O4 could  act both as a  PS activator 
for p-ASA degradation and as an adsorbent for the released 
arsenic removal, it is more conducive. Additionally, there are 
still a number of uncertainties in using BC supported ferrites 
for PS activation. What kinds of reactive species involved 
in pollutants degradation are still disputable. Consequently, 
the catalytic oxidation mechanisms of p-ASA using BC sup-
ported ferrites need to be further investigated.

In this study, a novel BC supported manganese fer-
rite (BC@MnFe2O4, MFB) was prepared using vinasses 
as raw  material. The as-synthesized MFB was applied as 
PS activator to degrade p-ASA,  and the released arsenic 
removal performance in this system was also examined. 
The main purposes of this research were to (i) develop an 
innovative PS catalyst for p-ASA degradation, (ii) explore 
the effects of crucial influencing factors on p-ASA degra-
dation, (iii) investigate the p-ASA removal mechanisms, 
and (iv) evaluate the synchronous removal performances 
of the released inorganic arsenic species. Accordingly, this 
research could provide a promising method for organic 
arsenic contaminants removal. Besides, the research results 
could also shed light on better understanding the mecha-
nisms of PS activation.

2  Materials and methods

2.1  Materials and reagents

Vinasses were obtained from Jiugui Liquor Co., Ltd. p-
ASA  (C6H8AsNO3, 98%) was purchased in TCI (Shanghai) 
Development Co., Ltd.,  MnSO4·H2O, (99.7%),  FeCl3·6H2O 
(99.7%), 4-(dimethyl amine)benzaldehyde  (C9H11NO, 99%), 
and methanol  (CH4O, ≥ 99.5%, MeOH) were bought from 
Sinopharm Chemical Reagent Co., Ltd.  Na2S2O8 (99.99%), 
p-benzoquinone  (C6H4O2, BQ), and l-Histidine  (C6H9N3O2) 
were bought from Shanghai Macklin Biochemical Co., Ltd.

2.2  Preparation of catalyst

MFB preparation method has been reported in our previ-
ous work (Xiang et al. 2020). Briefly, vinasses were washed 
several times and then naturally dried. Afterwards, 5.0 g of 
vinasses were added to the mixed solution (100 mL) contain-
ing  MnSO4•H2O (0.2 M) and  FeCl3•6H2O (0.4 M), mag-
netically stirred for 30 min at room temperature (200 rpm). 
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Subsequently, NaOH (5 M) was added dropwise under stir-
ring to adjust the pH to 10. After heating in an oven at 60 ℃ 
for 4 h, the suspension was filtered, washed, and dried. Then, 
the dried solids were placed in a tube furnace and pyrolyzed 
at 700 ℃ (5 ℃/min) under  N2 conditions for 1 h. Finally, the 
obtained samples were cooled naturally, grinded, and then 
sieved into 0.15 mm.

2.3  Characterization and analysis

Scanning electron microscope (SEM, Zeiss Gemini300) 
integrated with energy-dispersive spectrometry (EDS, 
Oxford X-MAX) and transmission electron microscope 
(TEM, FEI TF20) were adopted for surface morphology and 
elemental compositions analysis. Pore characteristics and 
specific surface areas were measured by using  N2 adsorp-
tion–desorption detection (Quantachrome AUTOSORB IQ). 
X-ray diffraction (XRD, SmartLab SE) was applied to char-
acterize the crystalline structure of the catalyst. The func-
tional groups were analyzed by Fourier infrared spectros-
copy (FTIR, Thermo Scientific Nicolet iS5). The chemical 
composition of catalyst was determined by X-ray photoelec-
tron spectroscopy (XPS, EscaLab Xi +). p-ASA was meas-
ured by UV–VIS spectrophotometer (UV1900) using the 
4-(dimethylamino)benzaldehyde spectrophotometer method 
at 450 nm (Wu et al. 2020b). The degradation intermedi-
ates were determined by LC–MS. The generated inorganic 
arsenic species were analyzed with ICP-OES (Agilent 5110).

2.4  Experimental procedure

In a typical experimental procedure, 50 mL of p-ASA solu-
tion (20 mg/L), certain amounts of PS and catalysts were 
added in 100 mL plastic bottles to initiate reaction (shark-
ing rate 200 rpm). Samples were taken at given time inter-
val, filtered and detected by UV–VIS. Reactions were per-
formed at different PS concentrations (0–8.4 mM), dosages 
(0–0.12 g/L), pH values (3.0–9.0), and reaction tempera-
tures (298–318 K) to investigate the wide application range 
of the as-synthesized catalyst. Solution pH was kept using 
NaOH and HCl. All experiments were done in duplicates 
or triplicates.

3  Results and discussion

3.1  Characterization of catalyst

Morphological structures of as-synthesized catalysts were 
analyzed by SEM and TEM. As presented in Fig. 1a, BC 

showed rough surface with hierarchical porous struc-
ture, which indicated that it was a desirable substrate for 
 MnFe2O4 nanoparticles supporting. As seen from Fig. 1b, 
MFB consisted of abundant small solid particles with 
irregular structure, suggesting that the  MnFe2O4 nanopar-
ticles were successfully loaded on BC. The microstruc-
tures of MFB were further explored using TEM. Appar-
ently,  MnFe2O4 nanoparticles were uniformly dispersed 
on the MFB surface (Fig. 1c). Besides, the lattice fringe 
spacing in MFB was 0.25 nm, corresponding to the (400) 
crystal plane of  MnFe2O4 (Yang et al. 2022). Furthermore, 
the EDS and elemental mapping results demonstrated the 
presence of C, O, Fe, and Mn on MFB surface (Fig. 1e).

XRD patterns  are illustrated in Fig.  2a. Obviously, 
BC had the broad peak around 22°, which was indexed 
to amorphous carbon (Yang et  al. 2020b). Diffraction 
peaks at 42.5° and 72.9° individually corresponded to the 
(400) and (533) crystal planes of  MnFe2O4 (JCPDS No. 
10–0319), which was in line with HR-TEM results (Yang 
et al. 2022). Moreover, the peaks at 35.6° (110), 44.6° 
(200), and 60.0° (224) were assigned to planes of  Mn2O3, 
 Fe3O4, and  Mn2O3, respectively (Huang et al. 2020).

N2 adsorption and desorption tests have been con-
ducted to study the porous characteristics and specific 
surface areas.  As seen from Fig. 2b, the  isotherms of 
BC and MFB all belong to type IV isotherms, indicating 
that BC and MFB were mainly composed of mesopores 
(Yang et al. 2022). MFB (97.83  m2/g) exhibited a higher 
BET specific surface area than BC (9.82  m2/g) (Supporting 
Information), which could be attributed to the  MnFe2O4 
adhesion (Rong et al. 2019). The average pore diameters of 
BC and MFB were in the range of 2–50 nm, demonstrating 
the formation of mesopores (Feng et al. 2021). The total 
pore volume of MFB (0.16  cm3/g) was about 10 times 
as large as that of BC. Generally, larger specific surface 
area and abundant pore structures could not only facilitate 
the PS and pollutants transport, but also  be favorable for 
providing more active sites (Feng et al. 2021; Liu et al. 
2021). Thus, MFB was more promising for PS activation 
contrast to BC.

For more insight into the functional groups of the as-
synthesized MFB and BC, FTIR analysis was conducted 
with the results exhibited in Fig. 2c. In the FTIR spec-
trum of the pristine BC, three bonds located at 3435  cm−1 
(–OH) (Li et al. 2019a), 1097  cm−1 (C–O) (Huang et al. 
2022), and 800–870  cm−1 (aromatic C–H) (Yang et al. 
2020a) were observed. Compared with the BC,  and the 
peak at 571  cm−1 was attributed to Fe–O stretching vibra-
tion (Wang et al. 2020a), the peak centered at 463  cm−1 
corresponded to Mn–O group (Yang et al. 2019), imply-
ing the formation of  MnFe2O4 nanoparticles in MFB. 
To further verify that  MnFe2O4 nanoparticles were suc-
cessfully loaded into the biochar substrate, the MFB was 
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characterized by XPS (Fig. 2d). The results indicated that 
the BC mainly contains C and O elements, while the main 
elements  existing in the MFB were C, O, Fe and Mn. In 
summary, all of these characterization results confirmed 
that the biochar supported  MnFe2O4 composite has been 
successfully synthesized.

3.2  Degradation of p‑ASA in different systems

p-ASA degradation performances were evaluated in differ-
ent reaction systems. Only 16.26% of p-ASA was removed 
with PS alone, suggesting that PS is stable and pure PS could 
hardly degrade p-ASA (Fig. 3a). Approximately 33.05% 

Fig. 1  SEM images of BC (a) and MFB (b), TEM (c) and high-resolution TEM (HR-TEM) images of MFB (d), EDS spectrum and elemental 
mappings of MFB (e)
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of p-ASA was removed with the addition of MFB, which 
implied that it is difficult to remove p-ASA via adsorption 
only. In contrast, the removal efficiency in the MFB/PS sys-
tem was significantly improved, and 85.28% of p-ASA was 
decomposed after reaction. Moreover, the calculated rate 
constant (kobs) of p-ASA by MFB/PS system enhanced 9.75 
times and 3.90 times compared with that by pure PS and 
MFB alone, respectively. The results demonstrated that the 
synergistic effects between MFB and PS for removing p-
ASA, and indicating that MFB was potential to catalyze PS 
to degrade p-ASA (Rong et al. 2019).

3.3  Effects of crucial factors on p‑ASA degradation

Effect of PS concentration was explored with the results 
shown in Fig. 3b. It could be observed that p-ASA removal 

rate declined to 60.54% and the kobs dropped to 0.47  h−1 with 
PS concentration increasing. The higher PS concentrations 
had a negative effect on p-ASA degradation because more 
reactive species could be generated with the excessive addi-
tion of PS, which would cause the scavenging of reactive 
species (Li et al. 2019a). In addition, excessive PS could 
also lead to the over-occupied active sites of MFB  , thus 
influencing the p-ASA degradation (Yu et al. 2019).

The removals of p-ASA under different MFB dosages 
were examined as well. As seen from Fig. 3c, p-ASA degra-
dation rate increased from 48.37% to 90.30% as the increas-
ing dosage of MFB from 0.2 g/L to 1.2 g/L. This might be 
due to the fact that more active sites were provided when 
more MFB were added (Chen et al. 2021). Additionally, the 
adsorption removal of p-ASA could also been enhanced with 
the increase of catalyst amounts (Li et al. 2019a).

Fig. 2  XRD patterns of BC and MFB (a),  N2 sorption isotherms of BC and MFB, insert was the corresponding pore size distribution of BC and 
MFB (b), FTIR spectra of BC and MFB (c), XPS spectra of BC and MFB (d)
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p-ASA degradation experiments were conducted under 
different initial pH to test the catalytic performances of the 
newly developed PS activator. After 240 min, the degrada-
tion rate at the pH of 3.0, 5.0, 7.0, 9.0 was 86.85%, 85.77%, 
85.28%, and 83.45%, respectively (Fig. 3d). This finding 
implied that MFB/PS system could remain effective under 
wide pH range. Besides, the maximum kobs in the system was 
reached under pH = 3.0 (0.95  h−1), and it gradually declined 
to 0.75  h−1 with an increase of pH from 3.0 to 9.0. Clearly, 
p-ASA degradation was more favorable under the acidic 
condition, and it might be attributed to the following two 
reasons. The first one, the Fe/Mn oxides might be leached 
from MFB at acidic condition, and the generated metal ions 
could  act as catalyst for PS activation (Li et al. 2022). The 
second one, the electrostatic interactions between MFB and 
p-ASA could also be affected by the variation of solution 
pH (Li et al. 2019a).

Reaction temperature is another key influencing fac-
tor,  and Fig. 3e displayed the effect of reaction temperature 
on p-ASA degradation. p-ASA degradation rates improved 
with the increasing reaction temperature. However, the 
enhancement was not obvious when the reaction tempera-
ture further increased from 308 to 318 K. The result was in 
accordance with the previous study (Huang et al. 2021). This 
phenomenon was mainly because PS decomposition could 
be accelerated with elevated reaction temperature, thus pro-
moting the generation of reactive species (Hayat et al. 2019).

3.4  Identification of reactive species

According to the past published  studies, the highly effec-
tive degradation capacity of PS-based AOPs could be 
attributed to the formed ROS (Yao et al. 2021a; Yu et al. 
2020). To figure out what kinds of ROS were involved 
in the MFB/PS system, and which kinds of ROS domi-
nated the degradation, quenching analyses using three 
different types of scavengers (MeOH, BQ, and L-His-
tidine) were carried out (Yao et al. 2021a). MeOH was 
applied for quenching ·OH and  SO4

·−, since it had high 
reaction rate constants for ·OH (k = 2.5 ×  107  M−1  s−1) and 
 SO4

·− (k = 9.7 ×  108  M−1  s−1) (Zhou et al. 2021), BQ was 
selected as  O2

·− scavenger (k = 1.0 ×  109  M−1  s−1) (Tang 
et al. 2018). and l-Histidine was applied as 1O2 quencher 
(k = 3.0 ×  107  M−1  s−1) (Dai et al. 2022). As presented in 
Fig. 4a, there was no obvious inhibition effect after adding 
MeOH, suggesting that only small amounts of ·OH and 
 SO4

·− were generated and the roles of ·OH and  SO4
·− were 

negligible. The results were consistent with previous 
reports (Huang et al. 2022; Meng et al. 2020). Contra-
rily, the introduction of BQ and l-Histidine remarkably 
restrained the degradation, and the kobs decreased from 
0.78  h−1 to 0.37  h−1 and 0.22  h−1, respectively. These data 
demonstrated that  O2

·− and 1O2 were the main ROS in the 
MFB/PS system. Furthermore, the relative contributions 
of these two kinds of reactive species in the degradation 
process were assessed based on the following equations 

Fig. 3  p-ASA degradation efficiencies by BC, and MFB (a), p-ASA 
degradation by MFB under different pH (b), PS concentrations (c), 
MFB dosages (d), reaction temperatures (e), and reusability of MFB 

(f). Inserts were the corresponding pseudo-first-order rate constants. 
Reaction conditions: catalyst = 0–1.2 g/L, PS = 0–8.4 mM, pH = 3–9, 
T = 298 K–318 K
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(Eqs. (1)–(2)) (Chen et al. 2021). These equations were 
derived from the differences of rate constants. After cal-
culation, the relative contributions of  O2

·− and 1O2 were 
52.56% and 71.79%, respectively. Therefore, it could be 
assumed that 1O2 was the predominant reactive species 
involved in p-ASA degradation.

(1)

Relative contribution of O⋅−
2
(%) =

kobs − kobs (BQ)

kobs
× 100%

where kobs is the reaction rate constant  (h−1) in the 
MFB/PS system, kobs (BQ) is the reaction rate constant  (h−1) 
after BQ was added, and kobs (L-Histidine) is the reaction rate 
constant  (h−1) after L-Histidine was injected.

(2)

Relative contribution of1O2(%) =
kobs - kobs (L-Histidine)

kobs
× 100%

Fig. 4  Effects of different quenchers on p-ASA degradation (a), and the corresponding changes of reaction rate constants (b). Reaction condi-
tions: MFB = 1.0 g/L, PS = 2.1 mM, MeOH = 2.1 M, BQ = 1 mM, l-Histidine = 10 mM, pH = 7.0, T = 298 K

Fig. 5  XPS spectra of C 1 s (a), O 1 s (b), Fe 2p (c), and Mn 2p (d) before and after reaction, Percentage contents of C 1s (e), O 1s (f), Fe 2p (g), 
and Mn 2p (h)
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3.5  Investigation of active sites

To further explore the active sites involved in PS activation, 
XPS analyses of the MFB before and after reaction were 
carried out. XPS spectra of C 1 s, Fe 2p, and Mn 2p  are 
depicted in Fig. 5. For C 1s spectrum of the MFB before the 
reaction, four peaks, including C–C/C=C (284.80 eV), C–O 
(286.24 eV), C=O (287.44 eV), and O–C=O (289.0 eV) 
were divided (Li et al. 2019b; Rong et al. 2019; Yu et al. 
2019). As seen from Fig. 5a and d, the percentage con-
tents of these constituents were 57.04%, 19.80%, 13.66%, 
and 9.51%, respectively. After reaction, the proportion of 
O–C=O decreased from 9.51% to 5.86%, and the C=O dis-
appeared, indicating that these functional groups might  con-
tribute to the activation process. Moreover, the percentage of 
C–O increased after the reaction, which might be due to the 
fact that C=O could  act as active site for 1O2 formation and 
it might be transferred to C–O (Li et al. 2022).

Fe 2p spectra are shown in Fig. 5b. Peaks with the bind-
ing energies at 711.40 eV and 724.60 eV were assigned to 
Fe(II) (Wang et al. 2018), whereas the signals at 713.90 eV, 
718.80 eV, and 726.50 eV were Fe(III) characteristic (Qiu 
et al. 2021b). As depicted in Fig. 5b and e, the proportions 
of Fe(II) decreased from 60.14% to 42.98% after 4 h of 
reaction. Meanwhile, the percentages of Fe(III) increased 
from 32.10% to 45.98%. The result demonstrated that Fe(II) 
might  participate in the PS activation and it was oxidized 
to Fe(III) after the reaction (Xiao et al. 2022). As for Mn 
2p spectra (Fig. 5c), it could be divided into three peaks 
at 641.60  eV, 643.10  eV, and 646.40  eV, correspond-
ing to Mn(II), Mn(III), and Mn(IV), respectively (Qiu 
et al. 2021b). After being used, the ratio of Mn(II) barely 
changed, whereas the percentages of Mn(III) and Mn(IV) 
slightly increased (Fig. 5c and f). These results suggested 
that Mn(II) and Mn(III) might both  act as active sites for PS 
catalysis to generate ROS. Meanwhile, the generated Mn(IV) 
and Mn(III) could be reduced by Fe(II) (Eqs. (3) and (4)). 
Besides, the Fe(III) might also  react with Mn(III) to form 
Fe(II) and Mn(IV) (Eq. (5)) (Cai et al. 2021; Xu et al. 2019).

3.6  Degradation routes of p‑ASA

The degradation intermediates were analyzed by LC–MS. 
According to the obtained results and the published  litera-
ture, a possible degradation route of p-ASA in the MFB/PS 
system under pH 7 was proposed (Supporting Information). 

(3)≡ Mn(III)+ ≡ Fe(II) →≡ Mn(II) + Fe(III)

(4)≡ Mn(IV)+ ≡ Fe(II) →≡ Mn(III) + Fe(III)

(5)≡ Fe(III)+ ≡ Mn(III) →≡ Mn(IV) + Fe(II)

It was reported that the amino group on the benzene ring 
was vulnerable to be attacked by the generated ROS, leading 
to the formation of P1 (m/z = 203) (Chen et al. 2021). The 
As–C bond is another reactive site that  is vulnerable to be 
destroyed by the ROS. Therefore, p-ASA could transform 
into P2 (m/z = 140) through oxidization and hydroxylation 
(Li et al. 2021). Concurrently, the fracture of As–C bond 
could result in the generation of arsenous acid, and it was 
further oxidized into arsenic acid by ROS (Chen et al. 2020). 
Moreover, these by-products were further attacked by ROS 
to form small molecule organic acid (such as formic acid, 
etc.) (Wang et al. 2020b). The generated intermediates were 
eventually transformed to  CO2,  H2O and  NO3

−.

3.7  Simultaneous adsorption removal of inorganic 
arsenic species

Considering the inorganic arsenic species, which is more 
toxic compared with organic arsenic compounds, would be 
released during p-ASA degradation because of the As–C 
rupture (Li et al. 2021), the variations of arsenic concen-
trations with reaction time in the MFB/PS system were 
examined (Supporting Information). It is obvious that the 
concentrations of arsenic decreased sharply along with the 
reaction time. After 4 h of reaction, the p-ASA degradation 
ratio reached 85.28%,  and the removal rate of the generated 
inorganic arsenic was 99.08% by MFB simultaneously. This 
result could be due to the fact that the generated inorganic 
arsenic species were adsorbed by MFB with large specific 
surface areas (Chen et al. 2021). Moreover, the residual arse-
nic  concentration was 0.064 mg/L, which was lower than 
the limit level of 0.1 mg/L required by the Discharge Stand-
ard of Pollutants for Municipal Wastewater Treatment Plant 
of China (GB 18918–2002) (Fan et al. 2021). Therefore, the 
MFB/PS process was potential for p-ASA decontamination.

3.8  Mechanism study

Based on the results obtained above, the mechanisms of p-
ASA degradation and synchronous adsorption removal of 
the formed inorganic arsenic species were proposed and 
depicted in Fig. 6. Firstly, p-ASA and PS were both adsorbed 
on the MFB via its high specific surface area. The loaded Fe 
and Mn oxides on MFB, and the functional groups of MFB 
(O–C=O and C=O) acted as active sites for PS activation 
(Eqs. (6)–(9)) (Liu et al. 2021). During the activation pro-
cess, the redox cycles between Mn and Fe led to the genera-
tion of abundant ROS (Eqs. (3)–(5)). Secondly, the formed 
ROS,  including  O2

·− and 1O2, effectively decomposed 
p-ASA to produce P1, P2, and inorganic arsenic species 
 (H3AsO3 and  H2AsO4

−). 1O2 was the predominant reactive 
species responsible for p-ASA degradation. Then, the gener-
ated by-products were further attacked by ROS to form small 
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molecule organic  acids, which were eventually transformed 
to  CO2,  H2O and  NO3

−. Concurrently, the released inorganic 
arsenic species were quickly adsorbed onto the MFB surface. 
In summary, the  mechanism investigation demonstrated our 
hypothesis that MFB could  act both as a PS activator for 
p-ASA effective degradation  and as an adsorbent for the 
released arsenic synchronous removal.

(6)S2O
2−
8

+ 2H2O
MFB

→ HO−
2

+ 2SO2−
4

+ 3H+

(7)HO⋅

2

MFB

→ O⋅−
2
+ H+

(8)S2O
2−
8

+ HO⋅

2

MFB

→ SO⋅−
4
+ 2SO2−

4
+ O⋅−

2
+ 3H+

(9)2O⋅−
2
+ 2H2O

MFB

→
1O2 + H2O2 + 2OH−

3.9  Reusability of MFB

Reusability of catalyst is of significance for the practical appli-
cation. Therefore, the cyclic experiments were performed 
to test MFB's stability. As displayed in Fig. 3f, the p-ASA 
removal ratio slightly decreased to 71.83% in the MFB/PS 
system after 5 cycles. The result suggested that the MFB was 
a desirable catalyst for PS activation as well as a high-perfor-
mance adsorbent for the released arsenic removal, which  pos-
sessed superior reusability.

4  Conclusions

A novel BC supported  MnFe2O4 (MFB) serving  as a PS 
activator and adsorbent was fabricated for p-ASA degrada-
tion and synchronous adsorption of the generated arsenic. 
Approximately 85% of p-ASA was degraded in the MFB/PS 
system in a wide pH range (3.0–9.0) after 4 h of reaction, 
and the removal rate of the generated inorganic arsenic was 
99.08% by MFB simultaneously. The Fe and Mn oxides on 

Fig. 6  The mechanisms of p-ASA degradation and simultaneous adsorption removal of arsenic in the MFB/PS system
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MFB, and the functional groups of MFB (i.e. O–C=O and 
C=O) might  act as active sites for PS activation. Moreover, 
the redox cycles between Mn and Fe led to the generation 
of powerful ROS. 1O2 was the predominant ROS responsi-
ble for p-ASA degradation. The MFB  possessed superior 
reusability. This research developed a potential method for 
for the removal of organic arsenic contaminants, and it is 
envisioned to be an environmental-friendly approach for dif-
ferent aqueous contaminants treatment.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42773- 022- 00158-x.
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