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ARTICLE INFO ABSTRACT

Edited by: Professor Bing Yan In this study, manganese oxide supported biochar (MBC) was used as a catalyst of periodate (PI) for the oxidative

degradation of sulfonamide antibiotic sulfamethazine (SMZ). The degradation rate of 10 mg/L SMZ reached 99 %

Keywords: in 60 min in the MBC/PI system, and the optimal condition was pH 3.5, 0.12 g/L of MBC, and 0.17 mM of PI
Biochar . Combined with quenching experiment and electron paramagnetic resonance (EPR) characterization, it was
x?ggi?;ze oxide determined that the reactive oxygen species (ROS) participating in the reaction include iodate radical (IOge),
Periodate singlet oxygen (*Oy), and hydroxyl radical (eOH). ROS, Mn(III) and electron transfer are three crucial SMZ

removal mechanisms in MBC activated PI system, and the conversion process of reactive species was deduced.
The manganese redox cycles, oxygen-containing functional groups on MBC surface, and BC-O-Mn(II) complex
participated in reactive species production. The loading of manganese oxide increases the number of oxygen-
containing functional group on the surface of BC, and BC-O-Mn(II) complex formation resulted in the higher
catalytic activity compared with BC. Ten SMZ oxidative products and four transformation pathways was iden-
tified. This study provided an efficient and practical method to remove sulfonamide antibiotics and revealed its

Advanced oxidation process

theoretical mechanism.

1. Introduction

With the increase in public’s awareness of health protection, the use
of antibiotics as therapeutic and preventive drugs for infectious diseases
in humans and animals continues to grow (Binh et al., 2018, Zhao et al.,
2019). Sulfonamide antibiotic (SA) is one of the most widely used an-
tibiotics. At the beginning of the 21st century, the global use of antibi-
otics ranged from 1.0 x 10° to 2.0 x 10° tons per year, of which more
than 2.0 x 10* tons were used in the case of SA (Baran etal., 2011). SAis
more commonly used as veterinary medicine. It was reported that the
total use of SA as veterinary antibiotics worldwide was roughly
6.3 x 10* tons in 2010, and was expected to increase by 67 % by 2030
(Van Boeckel et al., 2015). SA existed prevalently in aquatic environ-
ment, posing serious threats to marine plants, animals, microorganisms,
and human health. Previous studies have shown that antibiotics inhibit
the growth of microalgae, affect their pigment synthesis, hinder
photosynthesis, and cause oxidative damage (Chen et al., 2020). Li et al.
studied the toxic effects of 13 different antibiotics on freshwater algae,
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and the results showed that most antibiotics were toxic to green algae (Li
et al., 2016). The SA accumulated in human body would cause neuro-
logical and hematopoietic disorders, genitourinary system and liver
damages (Champagne-Jorgensen et al., 2019). Wastewater from the
production and use of these antibiotics enters surface and groundwater
and accumulates in the human body through various pathways, much of
which can be attributed to insufficient treatment in wastewater treat-
ment facilities. Therefore, it is of great practical significance to utilize
effective methods to degrade SA and convert it into non-toxic
substances.

Advanced oxidation process (AOPs) is a pollutant treatment tech-
nology that can produce strong oxidizing free radicals (hydroxyl radical
(eOH), superoxide radicals (02e), etc.) and has the characteristics of
high reaction speed and strong oxidation capacity. Many AOPs,
including Fenton, activated persulfate, ozonization, and photocatalytic
oxidation, are employed to eliminate organic contaminants like antibi-
otics (Li et al., 2023a, 2023b). Fenton oxidation process has the ad-
vantages of high degradation efficiency and simple operation, but is
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limited to acidic condition and produces a large amount of
iron-containing sludge, which is difficult to treat (Wang and Zhuan,
2020). Due to the high oxidation potential (Ey=2.08V), ozone could
degrade antibiotics well, and no dangerous by-products form in the
process. Its main disadvantage is the need to produce ozone from oxy-
gen, for which electrical discharge is required on the air stream or pure
oxygen stream, a step that consumes a lot of energy (Anjali and Shan-
thakumar, 2019). The photocatalytic oxidation of antibiotics produces
pairs of hole electrons (h*/e"), and had low external energy consump-
tion. However, it is difficult to achieve uniform radiation on the entire
surface of the catalyst in a larger range, and subsequent separation
treatment is required to recover the suspended catalyst (Cuerda-Correa
etal., 2020). In recent years, a new precursor periodate (PI) with a redox
potential of (+1.60V) has been studied for generating more reactive
oxygen species (ROS) to degrade refractory organics (Yang et al., 2022).
It has high stability, low cost, easy storage and transportation. In the
activation process, new free radicals, such as iodate radical (I03e) and
periodate radical (I04e) are produced, which have short action time and
high degradation efficiency on refractory organic matter. PI activation
produces fewer by-products, resulting in less secondary water pollution.
Therefore, PI was selected in this work to degrade sulfamethazine (SMZ)
(Zou et al., 2024).

Due to the low redox potential of PI, it requires to be activated by
catalyst for pollutant removal (Long et al., 2021). According to recent
research, biochar (BC) is an effective and affordable periodate activator
because of its rich pore structure and oxygenated functional groups on
the surface (Luo et al., 2023, Qiu et al., 2022). Dai et al. revealed that the
electron transfer mechanism dominated the BC activated PI process (Dai
et al., 2023). He (He et al., 2022a, 2022b) found that ultrasound could
stimulate the sludge BC activated periodate system to produce more
#OH and singlet oxygens (*Oy), and enhance the degradation of levo-
floxacin. However, when BC is used as catalyst alone, its ability to
remove pollutants is limited, so it needs to be modified to achieve the
best degradation effect (Tan et al., 2015). Manganese oxides (MnOy)
have low biotoxicity and abundant natural reserves (Zhu et al., 2019).
MnO; has shown excellent catalytic effect on PI. Du et al. revealed
experimentally that MnO, activated PI well, and Mn(IV)-O-IO3 complex
formed, which further produced 102 and I03e to oxidize sulfanilamide
(Du et al., 2020). Fan et al. suggested that in comparison to BC itself, BC
enriched with manganese oxide activated Orange G’s persulfate (PS)
degradation more effectively (Fan et al., 2019). Therefore, the combined
activation of BC and MnOy on PI to degrade SMZ might be a good choice.
Nevertheless, its effect and mechanism are still unrevealed.

Therefore, In this study, MnOy supported BC (MBC) was prepared by
impregnation method, and its ability to remove SMZ, influencing factors
and reaction mechanism were investigated. The degradation path of
SMZ was revealed. This study provides theoretical and practical basis for
solving the SMZ degradation problem scientifically and efficiently, and
provides theoretical and experimental support for the application of
MBC/PI system in wastewater treatment.

2. Materials and methods
2.1. Chemicals and reagents

SMZ, humic acid (HA), L-histidine (L-His), and sodium pyrophos-
phate decahydrate (PP) were purchased from Aladdin Reagent Co., LTD
(Shanghai, China). Sodium periodate (NalO4), manganese acetate, and
furfuryl alcohol (FFA) were purchased from MackLin reagent Co., LTD.
Potassium permanganate (KMnOQy), sodium thiosulfate
(NayS;03e5H20), sodium chloride (NaCl), sodium bicarbonate
(NaHCO3), sodium dihydrogen phosphate (NaH;PO4e2 H0), sodium
nitrate (NaNOs), sodium sulfatesulfate (NaSO,4), methanol (MeOH),
dimethylsulphoxide (DMSO), tertiary butyl alcohol (TBA), phenol, and
chloroform (CF) were obtained from Sinopharm Chemical Reagent Co.,
LTD. All chemicals were of analytical grade and all solutions were
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prepared with ultrapure water (18.25 MQ cm).

2.2. BC and MBC preparation

The BC was prepared in the following way: the corn stover was
washed, crushed to powder, and then was pyrolyzed at 500 °C for 2 h.
The resulting powder was washed with deionized water several times
and dried through a 100-mesh sieve to make BC.

MBC was prepared as follows: 15.00 g BC and 3.16 g KMnO4 were
mixed using 150 mL deionized water with stirring at room temperature,
followed by 0.5 h ultrasonic vibration to ensure the sufficient contact
between BC and KMnOy. Then, 100 mL of 0.3 M manganese(II) dissolved
in acetate solution was added to the BC and KMnO4 mixture with
continuous stirring to obtain the suspension. The suspension was heated
in a water bath at 80 °C for 30 min, and filtered through 0.22 ym filter to
obtain the MBC. The MBC was washed four times using deionized water,
and dried at 80 °C for further use (Liang et al., 2017).

2.3. Experimental and analytical methods

The reaction solution contained 0.005 g of biochar, 0.15 mM PI and
10 mg/L SMZ with a total volume of 50 mL. The reaction was carried out
at 400 r/min, pH 5.00, and 25°C on a magnetic stirrer. Sample aliquots
(1 mL) were withdrawn at the specified time (0 min, 1 min, 2 min, 5 min,
10 min, 30 min, and 60 min) during reaction. The sample were filtered
through 0.22 um aqueous filter, and transfered to a 2 mL brown injection
vial. The reaction was terminated by the rapid addition of 20 pL of 1 M
NayS203 solution. The SMZ was quantified by a high-performance liquid
chromatograph (HPLC, Shimadu LC20AD). The intermediates were
determined by high-performance liquid chromatography-mass spec-
trometry (HPLC-MS, Agilent 1100 + TSQ quantum Uitra AM, USA).

2.4. Box-behnken design

Response surface method (RSM) is a comprehensive optimization
method of experimental design and mathematical modeling, which can
effectively reduce the number of experiments, investigate the interac-
tion between influencing factors, and give the best condition for the
experiment. In this paper, RSM design experiment using Box-Behnken
Design (BBD) was used to optimize the experimental conditions for
the degradation of SA by MBC activated PI. MBC dosage (A:
0.02-0.18 mg/L), PI dosage (B: 0.05-0.25 mM), pH (2-8) were variable
input parameters, and SMZ dosage (10 mg/L) was constant. Table S1
lists their actual and coded values at different levels (-1, 0, and +1). The
SMZ degradation rate is the corresponding output response, which is
analyzed and predicted by the second-order polynomial model, as
shown in Eq. (1).

Y=ao+Y  aXi+d . aXP+d | aXX;+p )]

Here, ao, aj, ;i and a;; represent the coefficients of regression; X; and
X; are the coded independent variables; Y is the response of SMZ
degradation and f is a model error (Rashtbari et al., 2023).

2.5. Characterization methods

The surface morphology of BC and MBC was detected by JEOL-SM-
7401F SEM. The aperture and specific surface area of BC and MBC
were characterized by BET (Quantchrome Autosorb-iQ, USA). X-ray
diffraction (XRD) was performed on a Bruker D8 Advance X-ray
diffractometer and the crystal structures of BC and MBC were recorded.
X-ray photoelectron spectroscopy (XPS) was performed on an ESCALAB
250xi and the elemental valence state was detected. The functional
groups on BC and MBC surfaces were detected using a Fourier transform
infrared spectrometer (FTIR, Perkin Elmer, USA). The 5,5-dimethyl-1-
pyrroline n-oxide (DMPO) and 2,2,6,6-tetramethylpiperidine (TEMP)
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were used as trapping agents to identify free radicals by electron para-
magnetic resonance (EPR, Bruker A300, Germany). Electrochemical
experiments were carried out with the CHI760E electrochemical work-
station. The soluble Mn(III) was determined by ultraviolet spectropho-
tometer UV2450.

3. Results and discussion
3.1. Material characterization

The surface morphology of BC and MBC is shown in Fig. 1a-d. It can
be seen that the surface of the BC was rough and exhibited a micropore
structure. The surface of the MBC was rougher than that of BC, and there
were clumpy and spherical particles on the surface. The elemental
composition of the materials were analyzed by element mapping and
energy dispersive spectrometer (EDS), as shown in Fig. 1e-h. The MBC
was mainly composed of C, O and Mn. These results indicated that MnOy
were successfully loaded on the surface of the BC. In addition, it can be
seen from the desorption and adsorption isotherm of nitrogen that both
BC and MBC have abundant pore structures (Fig. S1). The BET-specific
surface area (Table S2) of BC and MBC were 37.9 m2/g and 127.3 m?%/
g, respectively, and the pore volume increased from 0.052 cm®/g to
0.177 em®/g. The loading of MnOy caused a substantial increase in pore
volume and surface area (Li et al., 2018, Tan et al., 2022).

The structures of BC and MBC samples were confirmed by XRD
analysis (Fig. S2). The peak at 26.70° corresponds to the crystal surface
(002) of BC (Gong et al.,, 2024). After modification, additional

10pm
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diffractions indexed as (002), (-111) and (-113) planes appeared at
28.126°, 36.572° and 50.314°, which matched with the standard card
JCPDS No. 31-1048 of KyMnO». In comparison to BC, the diffraction
peak intensity of MBC at 20.845°, 28.695°, 34.496°, and 50.112° was
lower. This is because the supported manganese reduced the diffraction
peak intensity of other crystals (Escande et al., 2015).

Fig. 2a shows the XPS survey spectrum of BC and MBC. The MBC
showed a new characteristic peak with the binding energy of 642.30 eV,
representing for Mn. The peak C-O and C=O peaks (at 285.88 and
289.38 eV respectively) were enhanced, while n-n* satellite peaks dis-
appeared after loading MnOy, as shown in Fig. 2b. The O1s of BC can be
fitted to three sub-peaks of 532.48 eV, 531.58 eV, and 530.68 €V, rep-
resenting the vibration of C=0, C-O, and O-H, respectively (Dai et al.,
2017, Wang et al., 2017). Similarly, after loading MnOy, the peak
became wider and the ratio of C=0 increased. MBC exhibited a new
characteristic peak at a binding energy of 529.04 eV, corresponding to
the Mn-O group (Mian et al., 2019, Song et al., 2014). From Fig. 2d, it
can be seen that manganese was predominantly Mn(IV) and contained
some Mn(II). Mn(III) was difficult to discriminate due to the proximity of
its binding energy to divalent Mn(II).

The FTIR analysis of the samples are shown in Fig. S3. The peaks at
3430.2cm™!, 1586.4 cm™, 1392.2cm™!, 1087.1 cm™!, 792.6 cm™!
were attributed to hydroxyl (-OH), C=0, C-H, C-O, and C-C stretching
vibrations, respectively (Tang et al., 2015, Xu et al., 2014). These
functional groups have the potential to enhance substance adsorption
and improve the efficiency of PI activation. After loading MnOy, the
hydroxyl peak shifted to 3400.3 cm™!. It seemed that there was an

oum ?

10um

10um

Fig. 1. SEM images of BC (a, b) and MBC (c, d); EDS images of MBC (e-h).
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Fig. 2. XPS spectra of BC and MBC: survey spectra (a), Cls (b), Ols (c), Mn 2p (d).

interaction between the surface -OH and MnOy (Kadimpati et al., 2024),
which could enhance the electron trapping ability of the catalysts (Li
et al., 2021). The peak densities of C=0 and C-O were significantly
increased, consistent with the XPS characterization results. This in-
dicates the introduction of numerous oxygen-containing groups by
MnOy, enhancing the hydrophilicity of the material surface and facili-
tating the adsorption of organic compounds (Tang et al., 2023). New
characteristic peaks appeared in MBC near 519.5 cm ™! and 758.5 cm ™,
which was attributed to the formation of Mn-O (Hsu et al., 2014), and
the exposure of metal oxide sites would benefit catalytic reactions (Zhou
et al., 2021).

3.2. Catalytic effect of MBC/PI system

The results of SMZ degradation by BC, MnO, and MBC catalyzed PI
are shown in Fig. 3a. The degradation effect of the MBC/PI system was
significantly better than that of the other two systems. The SMZ removal
rate of the MBC/PI system reached 98.2 % after a 30 minute reaction,
which was significantly higher than that of the MnOy/PI system
(75.2 %) and BC/PI system (32.2 %). The degradation process con-
formed to the pesudo-first-order kinetic model, as shown in Fig. 3a. The
pesudo-first-order kinetic rates of MBC degradation (Kops) in the MBC/PI
system were much larger than those in the BC/PI and MnO,/PI systems.

The influence of MBC amount on the degradation of SMZ is shown in
Fig. S4(a). The degradation rate showed a trend of first increasing and
then decreasing with the increase of MBC addition from 0 g/L to 0.4 g/L.
The initial increase was because MBC provided more active sites. When
MBC was added more, the active sites were masked, resulting in the
weakening of the PI activation. In addition, excessive catalyst may lead

to ROS loss, thus weakening the degradation effect on SMZ (He et al.,
2021a, 2021b). In brief, the optimal dosage of MBC was 0.1 g/L. The
effect of PI concentration on the degradation of SMZ in the MBC/PI
system is shown in Fig. S4(b). With the increase in PI concentration, the
SMZ degradation rate showed an increasing trend. In control without PI
in solution, the SMZ concentration did not decrease significantly, indi-
cating that the adsorption of SMZ on MBC was negligible. The increase
in SMZ degradation rate was not obvious when the PI concentration
exceeded 0.15 mM, which might be attributed to the limitation of MBC
active site (He et al., 2021a, 2021b).

pH plays a crucial role in the oxidation process (He et al., 2022a,
2022b). It can be seen from Fig. S4(c) that SMZ was degraded signifi-
cantly in the wide pH range of 2-7, and pH 5 was the optimal condition.
The SMZ degradation rate decreased when pH > 9 and was only 15 % at
pH 12. The point of zero charge (pHpzc) of MBC was determined to be
2.45, as shown in Fig. S5. When pH > 2.45, the surface of MBC is
negatively charged. When pH > 9, a stronger repulsion existed between
the MBC surface and the periodate anion, blocking the contact between
PI and the active sites on the surface of the MBC and limiting the reac-
tion rate (Ahmad and Ansari, 2021, Panahi et al., 2020). At lower pH
(pH < 5), the acidic environment reduced the amount of dissociated PI
in the form of anions, thus slightly reducing the activation efficiency
(Guan et al., 2011).

The common inorganic anions are one of the most important influ-
ence factor on the degradation reactions. Therefore, the effects of
inorganic anions (Cl, HCO3, HoPO3, NO3, SO%’) were investigated, as
shown in Fig. 3b and Fig. S6. HCO3 and H,PO3 had slight inhibition on
SMZ degradation. The inhibitory effect of HCO3 might be due to two
factors. One was that HCO3 changed pH of the reaction system, and the
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Fig. 3. The removal efficiency of SMZ and the first-order kinetic fitting Kop,s in BC, MnO,, and MBC activated PI systems (a), anion species (20 mM) (b) and HA (c) on
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degradation. Default reaction conditions: [SMZ] = 10 mg/L, [PI] = 0.15 mM, [MBC] = 0.1 g/L, pH 5, 25°C.

other was that HCO3 consumed free radicals in the system (Rafiei et al.,
2021). HoPOj inhibited catalytic activity by attaching to the surface of
catalyst and formed an inner-circle compound with MnOy, which
inhibited the role of MnOy (Li et al., 2023a, 2023b). In the presence of
CI', NO3, and SO%’, the SMZ degradation rate was virtually unaffected.
Overall, the MBC/PI system degraded SMZ with slight interference from
anions. Furthermore, the effect of HA, one of the common dissolved
organic matter (DOM), on the reactions was investigated. Fig. 3c indi-
cated HA had an inhibitory effect on SMZ degradation, and the inhibi-
tion was enhanced with increasing HA concentration. This can be
attributed to that HA adsorbed on the surface of MBC occupied the
active sites of PI, and consumed the active species in the reaction system
(Xie et al., 2024, Zhu et al., 2022).

3.3. Multiple statistical analysis

The BBD design matrix with SMZ degradation rate as response, and
MBC dosage, PI dosage and pH as influencing factors is shown in
Table S3. The polynomial quadratic model equation (Eq. (2)) could give
the interaction between the independent input variable and the pre-
dicted output response.

Y =96.40 —2.34A +14.94B — 5.28C+1.72AB — 0.2AC+1.1BC

2
—6.24A% —14.19B% — 7.76C? @

Here, A (SMZ dosage), B (PI dosage), and C (pH) are the coded units
and Y is the response of SMZ degradation.

The variance analysis of the model is shown in Table S4. The F-value
of the model is 133.99 and the p-value is less than 0.0001, indicating
that there is a significant correlation between SMZ degradation rate and
the input variables. The R? value of the model is 0.994 and the adjusted
R? value is 0.987, verifying the accuracy of the model. In addition, the

signal-to-noise ratio is an adequate measure of accuracy and requires
greater than 4. The signal-to-noise ratio of this model is 33.32, indi-
cating that it was fully accurate. The coefficient of variation of 2.04 (<
10) indicates that the model has good repeatability (Jawad and Surip,
2022). All the above data indicate that the model is accurate, reliable
and repeatable for predicting SMZ degradation rate using MBC dose, PI
dose and pH. The relationship between the F-values of the three factors
is as B>C>A. Since F-value can indicate the influence degree of factors
on the response, PI dose has the greatest influence on SMZ degradation
rate among the three factors, followed by pH and MBC dose.

Fig. S7(a) is a diagram showing the test for the normality of the re-
sidual. In this figure, there is no deviation in the normality of the re-
sidual. The data obtained by the model is almost distributed on a straight
line, few points deviate from the line, with R? of 0.994. This indicates
that the normality of the residual is acceptable. The predicted degra-
dation rates of SMZ is very close to the actual ones (Fig. S7(b)).

Fig. 3(d), (e), and (f) are the pairwise interaction response surface
diagrams of the effects of MBC dose, PI dose and pH on SMZ degradation
rate. As can be seen from the figures, when MBC dose and PI dose with
each other to affect SMZ degradation rate, the response surface gradient
is more inclined than that of the other two groups. In addition, contour
shapes are more elliptical. Since the response surface gradient and
contour shape can well describe the intensity of the interaction, the
larger the gradient, and the closer the contour shape to ellipse, the
stronger the interaction. Therefore, among the three influencing factors
in this experiment, MBC dose and PI dose have the strongest interaction.
The optimal conditions for SMZ degradation predicted by this model are
0.12 mg/L of MBC, 0.17 mM PI, and pH 3.5.
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3.4. Oxidizing reactive species and electrochemical analysis

Quenching experiments and EPR analysis were carried out to char-
acterize the ROS species in the MBC/PI-catalyzed SMZ degradation
systems. FFA and L-His were selected as quenchers of 105, phenol as a
quencher of I0ze, MeOH and TBA as scavengers of eOH, and CF was
utilized to quench the Oge™ (Sun et al., 2019, Wenyu et al., 2013, Yao
et al., 2016). The results are shown in Fig. 4a. SMZ degradation rate was
almost unaffected in the presence of TBA and CF. Addition of phenol,
L-His, and FFA significantly inhibited the removal of SMZ, and the
degradation rate decreased from 96.6 % to 6.5 %, 5.0 %, and 64.6 %,
respectively. The presence of MeOH slightly inhibited the reaction and
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the SMZ degradation rate was reduced from 96.6 % to 89.3 %. This
indicated that I0ge and 0, played a major role in the MBC/PI system,
followed by a small amount of eOH. To further verify the results of the
quenching experiments, EPR analysis was carried out using DMPO and
TEMP as trapping agents. As shown in Fig. 4b d, DMPO-eOH (1:2:2:1),
DMPO-0O5e” (1:1:1:1:1:1:1:1), and TEMP- 02 (1:1:1) signals were
detected. The signal of TEMP-'0, peak was much stronger than that of
DMPO-eOH and DMPO-Oge". All the results indicated that the primary
active species during the reaction were I0ge and 102, while ¢OH had a
supporting role. The Ose™ played a negligible part.

Electrochemical analyses were performed to evaluate the electron

transfer process during the reaction. It is evident from the
1
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electrochemical impedance (EIS) analysis (Fig. 4e) that MBC had a lower
charge transfer resistance due to its reduced half-arc diameter (Seo et al.,
2024). The current changes of the MBC-modified electrodes were
measured using linear voltammetric scanning (LSV). The current
response of the three different systems, BC, MBC, and MBC+PI4+SMZ,
are shown in Fig. 4f. The MBC+PI+SMZ system’s oxidation current was
shown to be much larger than that of the other two systems. This
observation implied that a strong electron transfer took place following
the addition of SMZ.

3.5. Analysis on activation process

The above experimental results indicated that IOge, 10,, and ¢OH
were the main ROS in the MBC/PI oxidation system. XPS characteriza-
tion of MBC before and after the reaction was carried out, and the XPS
spectrum of Mn2p was shown in Fig. 5a. The results indicated a slight
change in the valence state of Mn, with an increase in Mn(IV) and a
decrease in Mn(II). The dissolved Mn(III) were detected, as shown in
Fig. 5b. The characteristic peak of Mn(III)-PP complex appeared at the
absorbance of 258 nm in MBC+PI+SMZ system (Wang et al., 2024),
indicating the presence of dissolved Mn(III). The dissolved Mn(III) had
strong oxidation and was prone to disproportionation to form Mn(IV)
and Mn(II). During the disproportionation process, a high oxidation
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:"’A ~ Mn(Iv) Mn2p 1/2
Mn(1I) 77.81%
- 16.41% | ’/‘,Mn(n) shake-yp -
s y/ MBC after reaction
D [l
" i
c
E [\ Mn(v) Mn2p 1/2
1Mn(I£) ﬂ ;{75.56%
8.53% | ‘kj\!\_l]:}ll)shak up
St MBC
T T T T T
635 640 645 650 655 660

Binding Energy (eV)

.
aset

Ecotoxicology and Environmental Safety 289 (2025) 117700

reduction potential was produced and it was easy to degrade organics
(Zhang et al., 2023). The above results revealed three activation
mechanisms. The first one was the role of Mn. As shown in XPS spectrum
(Fig. 5a), the ratio of Mn(II) decreased and that of Mn(IV) increased after
oxidation reaction. The Mn(II) reacted with periodate ions to produce
MnO(OH); and Ogze” (Eq. (3)) (Wang et al., 2012). MnO(OH), then
proceeded with O,e and periodate ions to generate 0, and Mn(III) (Eq.
(4)). Mn(II) reacted with Oge™ to form Mn(IIl) (Eq. (5)), immediately
followed by disproportionation of Mn(III) to form Mn(II) and Mn(IV)
(Eq. (6)—(7)) (Qian et al., 2019). In addition, 10, acted as an active
species to attack SMZ and H,0- was generated in this process (Eq. (8))
(Zhong and Zhang, 2019). The redox cycling Mn(II)/Mn(III) and Mn
(II1)/Mn(1V) are the key to the production of IOge, 102, and e¢OH in PI
activate. In addation the generated Mn(III) was strongly oxidizing and
could oxidatively degrade SMZ. In the MnO,/bisulfite (BS) system, the
dissolved Mn(III) generated is directly involved in the oxidation of
bisphenol A (BPA) (Zhou et al., 2022). This mechanism is rarely revealed
in the advanced oxidation process dominated by PI. The second was the
role of MBC. The oxygen-containing functional groups on MBC surface
provided electrons and became activation sites to produce 10,, 103e, and
eOH (Egs. (9)-(10)) (Chen et al., 2018, Wang et al., 2019). BET and XPS
results showed that loading MnOy increased the surface area of MBC and
the surface oxygen content, which enhanced the activation of BC and the
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Fig. 5. XPS spectra of Mn before and after the reaction (a), wavelength scan of the reaction solution by UV-visible spectrophotometer (b), mechanism of SMZ

degradation by MBC/PI-activated PI (c).
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electron transfer. The FTIR of MBC (Fig. S3) showed the presence of C-O,
C=0, and O-H in the sample, and these oxygen-containing functional
groups produced 0, I03e, and eOH in the presence of PI (Xiao et al.,
2022).The third was the combined effect of MBC and Mn, where Mn(II)
combined with C-O on the BC surface to form BC-O- Mn(II), which could
react with HyO» to produce active species (Zhang et al., 2021) (Eq. (12)).
The complete mechanism was briefly depicted in Fig. 5Sc.

Mn(II) + 2107 + Oz + 3H20 — MnO(OH), + 2103 + 4H' + 200¢" (3)

MnO(OH), + 103 — MnO(OH) + 103+ 0y + HT 4
Oge” + Mn(ID) + 2H' — Mn(III) + Hy0, (5)
Mn(IIT) + e — Mn(II) (6)
2Mn(IID) + 2H,0 — Mn(IV) + Mn(II) + 4H" %)
2050 + 2H50 — 104 + Hy05 + 20H )]
BC-C=0 + Hy0, — BC-C + 105 + H,0 ©)
BC-C-O + Hy04 — BC-C + 105 + Hy0 10)
BC-OH + 103 — BC-O + I03e + eOH an
BC-O-Mn(IV) + Hy05— BC-Mn(IV) + 104 + Hy0 12)

3.6. SMZ degradation pathway speculation

To investigate the possible degradation pathways of SMZ, the in-
termediate products were characterized using HPLC-MS. The mass
spectra and the structures of the intermediate products are shown in
Fig. S8 and Table S2. Based on the structures of the products, four
possible transformation pathways of SMZ were proposed, as shown in
Fig. 6. (1) P1 (m/z 215) was generated by Smiles-type rearrangement
and SO; extrusion, and then amino group on the benzene ring was
oxidized to hydroxyl to generate P2 (m/z 216), while partial P1 was
transformed to P7 (m/z 227) under the action of ROS. P2 was then
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further oxidized to generate P3 (m/z 110) or P4 (m/z 124). (2) The
oxidation of the amine group led to the production of P5 (m/z 309).
Then P5 released SO, to produce P6 (m/z 245), followed by S-N bond of
P6 breaking to produce P7. (3) SMZ may undergo S-C bond breaking in
the presence of ROS and Mn®>" to produce the product P8 (m/z 202), and
finally the benzene ring was opened to produce P9 (m/z 113). (4) The
sulfonamide bond S-N was attacked by ROS as well as Mn>" to break to
generate P4 (m/z 124), which continued to generate P10 (m/z 140).
Eventually, parts of the above intermediates will be mineralized into
CO4, H30, and some other inorganic small molecule compounds.

3.7. Stability of MBC

Furthermore, the stability of MBC was evaluated, and the results are
shown in Fig. 7a. Under the same experimental conditions, five cycles
were set up, and the degradation rate of SMZ could still reach 80 % after
the fifth cycle. These indicated that MBC had strong catalytic stability in
the MBC/PI oxidation system. A reason for the decrease in SMZ degra-
dation rate after several cycles might be the loss of MBC during the
filtration process. Combining XPS and FTIR analysis, as shown in
Fig. 7b—c, the elemental species and functional groups on the surface of
MBC were almost unchanged after cycling for four times, which also
indicated that MBC had a good stability.

4. Conclusion

In this study, the BC material loaded with MnOy was synthesized by
the impregnation method to activate PI and oxidize SMZ. The MBC/PI
system had a much better oxidation efficiency than sole MnO, or BC
activation systems, and had a wide pH application range. The optimal
experimental conditions for the removal of 10 mg/L SMZ by MBC/PI
system were MBC dosage of 0.1 g/L, PI concentration of 0.15 mM and
pH 5. MBC reacted with PI to produce active species IO3e, 102’ and eOH,
in which I03e and 102 played critical roles. Dissolved Mn(III) was also
detected in the oxidation system. Loading of MnOy enhanced electron
transfer between BC and PI, which was also an important oxidative
mechanism. The transformation process of reactive species was

I
1 P3mz110

Fig. 6. Possible SMZ degradation pathways.
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[SMZ] = 10 mg/L, [PI] = 0.15 mM, [MBC] = 0.1 g/L, pH 5, 25°C.

deduced. The manganese redox cycles, abundant oxygen-containing
functional groups on biochar surface, and BC-O-Mn(II) complex were
involved in reactive species production. Four degradation pathways of
SMZ were proposed, namely, smile-type rearrangement and SO, extru-
sion, amine-based oxidation, S-C bond breaking and sulfonamide bond
S-N breaking, respectively. MBC could be reused for three times, with no
obvious morphology change. This study provides both theoretical and
applied value for removal of SA with MBC activated periodate
technology.
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