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Abstract

Recently, persulfate (PS) activation system has grown up as a primary branch of
advanced oxidation processes, and biochar has been recognized as a potential
nonmetal material in this field. However, few studies have focused on the
corresponding relationship between actives sites on biochar and active species in
AOPs. To pave this way, similar biochar (obtained from different pyrolysis
temperature) with different functional structures were involved. In this study, biochar
derived from swine bone (BBC) was applied in PS activation system to degrade
acetaminophen (ACT). The results showed that both radical and non-radical pathway
worked in the PS/BBCs systems, and the degradation rate (from 0.1042 to 0.4364
min!) climbed with the increase of pyrolysis temperature (from 700 to 900 °C). To
probe into the corresponding relationship between functional structure and active
species, the effect of pyrolysis temperature on functional structure was analyzed. It
came out that 1) defects could act as active sites for various active species; 2)
persistent free radicals could do favor to the generation of 'O and O, 3)
hydroxyapatite in swine bone only served as hard templet for the porous structure.
ACT degradation process was measured by Liquid chromatograph-mass spectrometer,
and Scendesmus obliquus was applied to investigate the toxicity of PS/BBCs system.
It 1llustrated that the existence of SO4"~ mainly contributed to the generation of high
toxic intermediates (such as biphenyl and diphenyl ether) in the PS/BBCs system.
Furthermore, the enhancement of adsorption capacity would mitigate the toxicity of

PS/BBCs systems to some extent.
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1. Introduction

Advanced oxidation processes (AOPs), including photocatalysis (Li et al., 2020;
Zhang et al., 2019), electrocatalysis (Huang et al., 2020; Liu et al., 2019), Fenton
oxidation (Li et al., 2019; Luo et al., 2020), ozonation (Levanov et al., 2019), and
thermal activation (Sun et al., 2020), etc.. AOPs have been extensively applied to
decompose refractory organic matter. Over the past decade, persulfate (PS) activation
system has gradually grown as a promising option in AOPs, for it is efficient and
economical (Tang et al., 2018; Yang et al., 2020).

Up to now, numerous studies have been launched to develop efficient catalyst to
activate PS. Among the available carbonaceous materials, biochar attracts much
attention for its simple design and low cost. However, conventional biochar cannot
activate PS efficiently without heteroatom doping or metal loading. Undeniably,
heteroatom doping and metal loading process would increase the cost and induce a
risk of metal leaching. Thus, it is urgent to develop an available and efficient pristine
biochar to activate PS. Swine bone is mainly composed of collagen and
hydroxyapatite (HOP), which is different from other biomass. Moreover, the swine
bone derived biochar (BBCs) exhibited relatively high specific surface area and
performed well in supercapacitor (Huang et al., 2011). Thus, BBCs were regarded as a
promising option in PS activation system, and our previous study verified this

inference (Zhou et al., 2019). That is, BBCs could efficiently activate PS to degrade
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organic pollutants without the heteroatom doping or metal loading.

On account of the complex composition of biochar, the specific roles of different
active sites on biochar remain vague. To pave this way, study has been launched to
investigate the roles of different oxygen-containing groups (Zhou et al., 2020).
However, other functional structures on biochar have not been further discussed. As is
well-known, pyrolysis temperature could influence functional structures. To be
specific, Li and his groups reported that the specific surface area of biochar increased
with the climb of annealing temperature and mesopores were principally formed in
the temperature holding stage of thermal treatment (Zhu et al., 2018). It has been
proved that annealing temperature could not only influence the oxygen content of
biochar, but also vary the proportion of different oxygen-containing groups (Klupfel
et al., 2014). Furthermore, the annealing temperature could change the amount and
type of defects and persistent free radicals (PFRs) on biochar (Andrews et al., 2001;
Fang et al., 2015). In addition, acid/ alkali treatment is a common approach to vary the
composition and pore structure of biochar (Fu et al., 2018; Huang et al., 2011). In this
regard, the role of different functional structures might be able be deduced by
comparing the mechanism of different homologous biochar. Accordingly, in order to
further dig into the specific role of different functional structures, BBCs obtain by
acid treatment and different pyrolysis temperature were introduced in PS activation
system.

With the explosion of research on PS activation system, some studies have

focused on its environmental risk. It has been reported that PS activation system
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might produce intermediates that possess higher toxicity than the pollutant itself
(Cheng et al., 2020; Yang et al., 2019). SO4’™ in PS activation system might attack
phenols to generate phenoxy radicals, which could induce the formation of biphenyls
and diphenyl ethers. Furthermore, Ji and co-workers reported that nitrogen dioxide
radicals were detected in SO4™~ based oxidation system when nitrophenols were
denoted as the targeted contaminant. However, except for the denitration process, the
renitration process might also take place in this system, which might lead to the
formation of toxic polynitrophenols (Fu et al., 2019; Ji et al., 2019). Moreover, it has
been reported that dissolve organic matter (DOM) and PFRs on biochar showed
toxicity to organisms (Ruan et al., 2019; Sun et al., 2021). Thus, it is necessary to
assess the comprehensive environmental risk of PS activation system. With respect to
PS/BBCs system, the pyrolysis temperature would influence the amount of DOM
(Chen et al., 2015) and alter the functional structure on BBCs, which would result in
different proportion of degradation mechanisms. Finally, a difference in toxicity
would be observed.

In this study, acetaminophen (ACT) was selected as the target pollutant. As a
typical pharmaceutical and personal care product (PPCPs), ACT is usually applied as
an analgesic. Up to now, ACT was widely detected around the world (Vo et al., 2019).
The concentration of ACT could reach 12.5 ng/L in surface water in China, and it has
been recorded as the PPCPs with the highest concentration (Sun et al., 2016). The
leakage of ACT would do harm to the ecological environment and human health (Du

et al., 2020). It has been reported that the effective concentration of ACT to Daphnia
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magna was 50 mg/L in 24 h (Henschel et al., 1997). AOPs have been proved as an
efficient method to treat with ACT in aqueous media (Bicalho et al., 2020), thus
PS/BBCs system was applied to deal with ACT in aqueous media.

Overall, in order to investigate the roles of different functional structures in PS
activation system, BBCs treated with acid and different temperatures were introduced
in PS activation system. Nitrogen adsorption and desorption analysis, Raman
spectrometer, X-ray photoelectron spectrometer (XPS) and electron paramagnetic
resonance (EPR) spectrometer were applied to probe the change in functional
structure of BBCs. Ulteriorly, Scendesmus obliquus were applied to investigate the
toxicity of PS/BBCs system. Combining the results of toxicity experiment and
degradation mechanism, the environmental risk of different degradation mechanisms
could be roughly deduced. This study can not only give information for the further
oriented synthesis of biochar, but also drive the downstream application of PS
activation system.

2. Materials and methods
2.1 The preparation of catalysts

The biochar used in this study was derived from swine bone. The de-fatted
spareribs were washed and dried at 80 °C to remove the impurity on swine bone.
Furthermore, BBCs were synthesized according to previous study (Huang et al., 2011;
Zhou et al., 2019). Concretely, in order to facilitate subsequent operations spareribs
were pre-carbonated at 450 °C under N; atmosphere. Then, the collected particles

were sifted after ground for further carbonization (700 °C, 800 °C or 900 °C). Finally,
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the product was soaked in 6 M HNO3 for 12 h, then the obtained material was rinsed
until the filtered solution was neutral. The acid treatment could not only change the
pore structure of BBC, but also deactivate PFRs on BBCs. The pyrolysis temperatures
were set as 700 °C, 800 °C, and 900 °C (hold for 2 h), and the BBCs were labeled as
BBC-700, BBC-800, and BBC-900, respectively. Moreover, the sample carbonized at
900 °C without acid treatment was labeled as BBC-AW.
2.2 Catalytic procedure

All experimental groups were conducted in 100 mL beakers. Magnetic stirring
apparatus was applied to equally distribute the material and PS in water. In order to
avoid the influence of adsorption process, the adsorption experiment (1 hour) was
carried out before the addition of PS. Specifically, 0.1 g/L prepared BBCs were added
in 50 mL ACT (20 mg/L) solution, then, the adsorption began. After 1 h adsorption, 1
g/L PS was added to the beaker to launch the PS activation process. The experimental
conditions were determined based on the empirical value of previous studies (Zhou et
al., 2019; Zhou et al., 2020), and all batches were taken in the same conditions. The
samples (1.5 mL) were collected at 0, 1, 5, 10, 15, 20 min. Before the concentration
measurement, the sample was filtered by nylon filter (0.22 pm), and 0.5 mL methanol
was applied to inhibit the effect of residual radicals. Moreover, all batches were taken
at room temperature, and the initial pH was controlled at around 6.

Active species capture experiments were taken to assess the role of different
active species in the PS/BBCs system. Benzoquinone (BQ, 1 mM), NaN3 (1 mM),

ethanol (EtOH, 0.75 M), and tert-Butyl alcohol (TBA, 0.75 M) were applied as the
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quenching agents for 0>, '0,, SO+, and *OH, respectively. The corresponding agent
was added into the ACT solution before the adsorption process.

Furthermore, to quantify the rate of catalytic reaction, all batches were fitted by
pseudo-first order kinetics based on Langmuir-Hinshelwood model. The results
showed that reactions involved in this study abided by the first order kinetics equation
(Eq. (1))

In(Cv/Co) = - Kobst (1)
Co and C; are the label of initial concentration and the real-time concentration of ACT,
Kobs is defined as the pseudo-first-order rate constant for each batch.

2.3 Characterization of catalyst

Raman spectra (Horiba Scientific LabRAM HR Evolution) and XPS (Thermo
Scientific K-Alpha) were applied to analyze the functional groups and characteristics
of the catalyst in this study. Nitrogen adsorption and desorption analysis was
conducted on Quantachrome Autosorb AS-1 to investigate the BET surface area of
BBCs. Magnettech MiniScope MS 5000 was applied to analyze the persistent free
radicals (PFRs) on biochar, and EPR spectra in aqueous media were taken on Bruker
ER200-SRC. Total organic carbon (TOC) was measured on TOC-L CPN Shimadzu.
2.4 Analysis

The concentration of ACT was analyzed on Agilent 1200 (equipped with C18
column (5.0 um, 4.6 mm x 250 mm)). The mobile phase was ultrapure water and
methanol (70:30, v/v). The column temperature was 40 °C. Furthermore, the flow rate

set as 1 min/L, and the UV detector worked at 243 nm. Liner sweep voltammetry
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(LSV) and electrochemical impedance spectroscopy (EIS) were taken on CHI760E
electrochemical workstation. To verify the existence of different active species, ESR
was measured in liquid phase (Bruker ER200-SRC), 2,2,6,6-tetramethylpiperidine
(TEMP) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) were selected as the trapping
agents to verify the exist of active substance. Moreover, SO4"~ and "OH were detected
in deionized water, while O~ was detected in methanol circumstance. The
degradation pathway of ACT was determined by liquid chromatograph-mass
spectrometer (LC-MS), and the mobile phase consisted of buffer A (0.1% formic acid
in water) and bufter B (0.1% formic acid in acetonitrile).

Furthermore, the toxicity of different PS/BBCs systems were assessed by
Scendesmus obliquus. As a kind of green algae, Scendesmus obliquus was a common
option to evaluate the toxicity in aqueous media. The inhibition rate of Scendesmus
obliquus in 96 h was applied to assess the toxicity of the mixed solutions during the
activation reaction (Scendesmus obliquus was bought from the Freshwater Algae
Culture Collection at the Institute of Hydrobiology), and the detailed information was
presented in supported information (Text S1).

3. Results and discussion
3.1. Catalytic performances of catalysts

In our previous studies, the catalytic capacity of BBCs has been proved (Zhou et
al., 2019). To be specific, BBCs could effectively activate PS to degrade refractory
contamination, and the radical pathway (SO4, *OH and O;"") and non-radical

pathway (electron transfer pathway and 'O,) both took effort in this system.
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Subsequently, chemical deactivation method was applied to explore the roles of
different oxygen-containing groups in the PS/BBCs systems (Song et al., 2021; Zhou
et al., 2020). The results showed that 1) C=0O could do favor to electron transfer
pathway; 2) -OH and -COOH might be conducive to radical pathway (SO4™~ and *OH)
(Zhou et al., 2020). However, the roles of other functional structures on BBCs in PS
activation system remain unclear. In this study, several approaches were tried to
investigate the specific role of other functional structures on biochar in PS activation
system.

To explore the role of other functional structures on biochar, different BBCs were
introduced in PS activation system. As mentioned in section 2, BBC-700, BBC-800,
BBC-900, and BBC-AW were involved into the PS activation system. The Kobs of
BBC-700, BBC-800, BBC-900, and BBC-AW under preset conditions was 0.1042,
0.32933, 0.4364, 0.1427 min’', respectively (Fig. 1). With the climb of annealing
temperature, an upward tendency of degradation rate could be observed. The results
of TOC further verified this conclusion. After 1 h catalytic reaction, the mineralization
rate of PS/BBC-900 system could reach 83.5% (Fig. S1). Besides, the Kons of
PS/BBC-900 system was much higher than that of PS/BBC-AW system, which
illustrated that acid treatment could effectively boost the catalytic capacity of BBC

(The results of Fig. 2 will be further evaluated in section 3.2).
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Fig. 1 (a) Catalytic performance of BBC-700, BBC-800, BBC-900, and BBC-AW
(degradation rate in 20 min), (b) the corresponding pseudo-first-order rate constants.
[ACT]=20mg/L, [PS]=1 g/L, [BBCs] =0.1 g/L, [Temp] =298 K.

Generally, the catalyst in the PS activation system takes effect by radical and non-
radical pathway. In order to distinguish the mechanism of PS/BBCs systems, active
species capture experiments, EPR spectra, and electrochemical tests (LSV and EIS)
were carried out. The active species capture experiments illustrated that SO4™", "OH,
0,7, and 'O> could assist the degradation of ACT in the PS/BBCs system (Fig. 2 and
Fig. S2). Moreover, the existence of SO4™~, "OH, 02", and 'O, were further verified
by EPR spectra (Fig. S3). It is obvious that the inhibition effect of trapping agents was
weak in the PS/BBC-900 system. Moreover, O>"~ and 'O» exhibited a relatively minor
role in the PS/BBC-900 system. In the PS/BBC-800 system, active species played a
vital role, among which O>" was the most important participant. Specifically, the
degradation rate of PS/BBC-800 decreased from 0.32933 to 0.0688 min™! after the
addition of BQ. With respect to PS/BBC-700 system, the degradation process was
primarily contingent on O~ and 'O». In the PS/BBC-900, PS/BBC-800 and PS/BBC-

700 system, the inhibition effect of NaN3 presented similar trend with BQ, it might
11
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because 0>~ could be converted into 'O, in PS activation system (Eq. (2-3)).
However, the role of 02"~ could be distinguished from 'O in the PS/BBC-AW system.
The difference in the role of 02"~ and 'O, might be due to the lack of "“OH and H'. As
is shown in Fig. 2d, the addition of "OH trapping agent showed a weak inhibitory
effect (from 0.14 min™' to 0.13 min™!) in the PS/BBC-AW system.

‘'OH+0; — '0, +OH (2)

2H'+20; — '0, + H,0, (3)

Fig. 2 Active species capture experiment (corresponding pseudo-first-order rate
constants) of (a) BBC-900, (b) BBC-800, (c) BBC-700, (d) BBC-AW. [ACT] = 20
mg/L, [PS] =1 g/L, [BBC] = 0.1 g/L, [Temp] = 298 K. The dosage of the trapping
agents: [EtOH] =0.75 M, [TBA] =0.75 M, [BQ] = 1 mM, [NaN3] =1 mM.
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LSV is usually applied to evaluate the electron transfer capacity of PS activation
system. The increase of the current indicates the enhancement of electron transfer
capacity. As shown in Fig. S4, only when the PS, BBCs, and ACT existed at the same
time, the current would reach the peak. It indicated that electron transfer process took
effect in every PS/BBCs system. Moreover, the enhancement of current was most
obvious in the PS/BBC-900 system. It manifested that electron transfer pathway
played a central role in the PS/BBC-900 system. This conclusion was further verified
by the results of EIS (Fig. 3b). It is widely considered that the radius of the arc is the
representation for impedance, and a smaller radius illustrates a stronger ability for
electron transfer (Lai et al., 2018). According to the equivalent circuit fitting, the
interface charge transfer resistances of BBC-AW, BBC-700, BBC-800, and BBC-900
were 11390, 3005, 1112, and 431 Q, respectively. Obviously, BBC-900 had the lowest
impedance. It was in line with the current signal in LSV. As a result, non-radical
pathways and radical pathway both existed in all PS/BBCs systems, and the
proportion of non-radical pathway increased with the increase of annealing

temperature. Furthermore, acid treatment did favor to the electron transfer pathway.
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Fig. 3 (a) LSV measured with the bare GCE electrode by BBCs in the presence of PS
or ACT, (b) EIS Nyquist plots of bare GCE and BBCs/GCE with frequency range
from 0.01 Hz to 10°> Hz, and the insert was the equivalent circuit diagram. [ACT] = 20
mg/L, [PS] =1 g/L, [BBC]=0.1 g/L, [Temp] =298 K.

3.2. The functional structure analysis of BBC

Firstly, the active sites for non-radical pathway were investigated. As is known to
all, the non-radical pathway relies on the formation of ternary system (catalyst, PS
and pollutant), and the radical pathway can be induced by the collision between
catalyst and PS (Tang et al., 2018). In this regard, comparing the functional structures
of used BBC-900 and BBC-900 treated with PS could give information for the
mechanism of non-radical pathway.

Defect is a common active site in PS activation system. It exhibits a high redox
potential, which could promote the electron transfer between PS and catalyst (Duan et
al., 2015b). Furthermore, the graphitized structure could facilitate the electron transfer
capacity of carbonaceous materials (Ye et al., 2019a). Raman spectra was taken to
investigate the roles of defects and graphitized structure in the PS/BBCs system. The
peaks at 1350 cm™! (D) and 1580 cm™! (G) are the signal for the defects and graphite
structure, respectively. The G peak is caused by the high-frequency Ezg phonon at the
Brillouin zone center, and the appearance of D peak relates to the defects in six-atom
benzene rings (Ferrari and Basko, 2013). Generally, the intensity ratio of D and G
(In/Ig) is defined as the indicator to evaluate the graphitization degree (or defective
level) of materials (Wan et al., 2020; Wan et al., 2019). After reacting with PS, the

14
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value of Ip/Ig decreased from 1.1104 to 1.0771, and it further decreased to 1.0407
when ACT was added into the system (Fig. 4a). The result illustrated that the
introduction of ACT could further consume the defects on BBC-900. Consequently, it
is reasonable to infer that the defects could be regarded as the active sites for non-
radical pathway (electron transfer pathway).

H>0> has been applied as oxidizing agent to modify the oxygen-containing
groups on biochar surface (Zhang et al., 2018). As a typical peroxide, PS might have a
similar effect on oxygen-containing groups. In this study, XPS was applied to probe
the variation of oxygen-containing groups on BBC-900. The Fig. 4b-d exhibited the O
Is high resolution of BBC-900, BBC-900 treated with PS, and BBC-900 treated with
PS and ACT. Obviously, the PS could oxidize the C-O on BBC-900, the proportion of
C-O declined from 68.24% to 53.79%. Interestingly, the proportion of C-O on BBC-
900 reached 60.85% when ACT was introduced. It illustrated that the PS could
oxidize the oxygen-containing groups of BBC-900, and ACT might inhibit this
oxidation process. This might be ascribed to the competitive adsorption of ACT and
PS, which might inhibit the oxidation process of PS/BBCs systems. On the one hand,
-OH and -COOH could adsorb organic contaminants by hydrogen bond (Ahmad et al.,
2014; Yang et al., 2021). On the other hand, it also has been reported that -OH and -
COOH could act as the adsorption site for PS (Ren et al., 2020a). To be specific, -OH
obtained the highest PS adsorption energy (-2.99 eV versus -2.37 and -2.69 eV of
C=0 and -COOH, respectively) among the oxygen-containing groups (Ren et al.,
2020b). Given these, instead of promoting the electron transfer process, -OH and -

15



304 COOH mainly do favor to the adsorption process in the PS/BBCs systems.

305

306 Fig. 4 (a) Raman spectra of BBC-900, and Ols spectrums of (b) BBC-900, (c) BBC-

307900 treated with PS, (d) BBC-900 treated with PS and ACT.

308 To further figure out the functional structures that would influence the catalytic

309 performance of BBCs, the properties of BBC-700, BBC-800, BBC-900 and BBC-AW

310 were characterized. Firstly, nitrogen adsorption and desorption analysis were taken to

3T investigate the pore structure and specific surface area of BBCs. The results showed
312 that BBC-900 obtained the highest specific surface area (1199.920 m*/g), and the
313 specific surface area of BBC-700, BBC-800, and BBC-AW were 603.375, 922.040,
314 and 43.560 m?/g, respectively. In addition, the pore volumes of BBC-700, BBC-800,

315 BB(C-900, BBC-AW were 0.454, 0.958, 1.420, 0.137 cm?/g, respectively. The growth
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trend of catalytic capacity was the same as that of specific surface area (Fig. 1).
Furthermore, aside from BBC-AW, the correlation (positive linear relationship, R? =
0.94743) between Kobs and specific surface area was strong (Fig. S5). However, the
linear relationship did not exhibit between degradation rate and other functional
structures (such as defects, oxygen-containing groups). This might support that
specific surface area was an important influence factor for degradation rate.
Interestingly, the relatively low specific surface area of BBC-AW did not completely
inhibit the degradation of ACT. Consequently, the worked active sites on BBC-AW
were quite different from other BBCs in this study. Taking radical trapping
experiments into consideration, a distinct inhibitory effect of BQ to PS/BBC-AW
could be seen. It manifested that the unique active sites on BBC-AW would do favor
to the generation of O>™".

It has been reported that the defect on biochar could promote the generation of
0.~ and 'Oz (Zhou et al., 2020), Raman spectra were applied to access the role of
defects in the PS/BBCs systems. The Ip/Ic of BBC-AW was 1.1662, while the Ip/Ig of
BBC-700, BBC-800, and BBC-900 was 1.2075, 1.3811, and 1.1104, respectively.
Obviously, with the increase of carbonization temperature, the value of Ip/lg
experienced a trend of rise first and decline at last, and it was consistent with previous
studies. Concretely, the relatively low annealing temperature could decrease the
oxygen content on carbonaceous materials and form defects, and the relatively high
temperature would remove defects (such as bond rotations and non-hexagonal rings)

to generate graphitized structure (Andrews et al., 2001; Cheng et al., 2019).
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Interestingly, the variation of Ip/Ig roughly synchronized with the change in the
proportion of SO4"~ and "OH. It might support that the defect was the active sites for
S04 and "OH. Moreover, the weak correlation between Kops and Ip/Ig could be
observed. It might be originated from the confluence of defects and graphitization
degree, both of which could benefit the catalysis performance (Lai et al., 2020; Ye et
al., 2019b). As is well known, the high graphitization degree can facilitate the electron
transfer process and defects can act as active sites in PS activation system. As
presented in Fig. 5a, BBC-AW did not indicate a distinct superiority in defects. So,

O>"" generated in the PS/BBC-AW system did not trigger by defects.

Fig. 5 (a) The nitrogen adsorption/desorption isotherms of BBCs, (b) the Raman
spectra of BBCs.

Ulteriorly, PFRs could serve as active sites in PS activation system (Yang et al.,
2016). ESR was used to measure PFRs on BBCs. The result showed that g factor of
BBC-AW was around 2.0055, which could be categorized as the oxygen-centered
PFRs (Fang et al., 2014; Lomnicki et al., 2008). The intensity of PFRs suffered an

obvious decline after the PS activation process, and the acid treatment almost wiped
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off PFRs on BBC-AW (Fig. 6a). In addition, Fang and co-workers reported that PFRs
could activate the O to generate O>"~ (Fang et al., 2015). Consequently, it was

reasonable to regard PFRs as the unique active sites on BBC-AW to generate O>"".

Fig. 6 (a) ESR spectra of BBC-AW, BBC-900, and used BBC-AW, (b) XPS survey of
BBC-700, BBC-800, BBC-900, and BBC-AW.

XPS was applied to assess the surface elements distribution of BBCs. As shown
in Fig. 6b the oxygen content dropped with the climbing of annealing temperture. The
XPS survey illustrated that BBC-700, BBC-800, BBC-900 had similar elementary
composition. The C 1s high resolution spectrum illustrated that the sp® carbon (C-C)
proportion of BBC-700, BBC-800 and BBC-900 was 68.14%, 73.24% and 41.98%,
respectively. Furthermore, BBCs showed a similar propotion of C=0 (Fig. S6).
However, the striking difference in oxygen content would result in a quantitative
diffrence in C=0. It has been repeatly reported that C=O could be denoted as the
active sites for electron transfer pathway, but the quantity of C=O did not affet the
propotion of electron transfer pathway in this study (Fig. 3). Adsorption capacity
might be the answer for this contradiction (Fig. S7) (Ren et al., 2020a; Yu et al., 2020).
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As mentioned above, the PS adsorption capacity was closely related to the catalytic
permofmance of catalysts, whereas excess oxygen-contianing groups on carbonaceous
materials might hinder the approach of PS (Ren et al., 2020b). Noteworthy, -OH and -
COOH have been reported as the active sites for ‘OH and SO4™~. The active species
capture experiment showed that the varation trend of "OH and SO4™~ proportion was
inconsistent with the quantity of -OH and -COOH on BBCs. Thus, there might be
other active sites that do favor to the production of "“OH and SO4"". Taken the results
of Raman spectra into consideration, defects might be the active sites for "OH and
SO4™".

Interestingly, there was an peak around 400 eV in the XPS survey of BBC-700,
BBC-800, BBC-900, which was identified as the signal for N s (Fig. 6b). Morever, N
content decreased with the increase of annealing temperature. The N content might be
derived from acid treatment (HNOs). However, the characteristic peak of nitrate
should be attached to 405 eV. Thus, there must be other source for N (Rignanese et al.,
1997). The collagen in swine bone might be the answer. It was obvious that the
decrease of the N content might be due to the cleaving of the C-N bond (Duan et al.,
2015a; Ye et al., 2020). Although the doped N was regarded as the active sites, the N
content of BBCs demonstrated a negative correlation with the degradation rate of
ACT. It meant that the N in BBCs was not the main active sites in the PS/BBCs
system.

As is shown in Fig. 6b, the elementary composition of BBC-AW was obviously

different from the other BBCs. The distinct peak of Ca 2p and P 2p might be generate
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form the residue of HOP, and acid treatment could wipe off the inorganic component
in BBC-AW (Fig. 6b). In regard of the different degradation mechanisms of BBCs,
HOP was preliminarily identified as an active ingredient in the PS/BBC-AW system.
In order to verify this conjecture, pure HOP and HOP after annealing (900 °C) were
involved in this study (Fig. S7). The result showed that the HOP could do little to the
degradation of ACT. With respect to the results of BET, the specific surface area of
BBCs soared from 43.56 to 1199.920 m?*/g after acid treatment. Thus, HOP might
serve as the natural hard templet in swine bone to form pore strucure. Morever, the
increase of specific surface area would also contribute to the boosting of BBCs
catalytic capacity after acid treatment (Fig. 1).

To sum up, in the PS/BBCs system, PFRs might do favor to the formation of O>™",
and defects could be the active sites for SO4™~, "OH, and electron transfer process.
Moreover, HOP could not activate PS to degrade ACT, it only acted as the hard
templet to form pore structure, which would benefit both radical and non-radical
pathway.

3.3. The degradation pathway of ACT and toxicity experiment

LS-MS was applied to probe the ACT degradation pathway in the PS/BBCs
system. The intermediates were listed in Table S3, and the possible degradation
pathway of ACT was deduced (Fig. 7). In the PS/BBCs system, ACT was mainly
degraded by two pathways. In pathway I, active species might attack the acetyl amino
group, to generate product A. Then, the hydroxylation of benzene ring could be
observed. Thereafter, the benzene ring opening might be implemented by two
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approaches. On the one hand, the product B could be directly oxidized to aliphatic
chain (product E) (Bicalho et al., 2020). On the other hand, the quinone structure
(product C) was unstable, which might contribute to the opening of the ring.
According to previous study, SO4"~ could attack the phenolic compounds to generate
phenoxy radicals, which possessed a long lifetime, then, the phenoxy radicals might
conduce to the formation of biphenyls and diphenyl ethers (Ji et al., 2019). In this
study, products H and I were detected in the PS/BBCs system (pathway II). Note-
worthily, the two pathways mentioned above both existed in all PS/BBCs systems.
The difference was mainly exhibited in the emerging time of products H and 1. After
10 min reaction, the products H and I were detected in the PS/BBC-700 system,
whereas it took more than 30 min for discovering product H and I in the PS/BBC-900
system. As mentioned in section 3.1, radical (SO4"~, "OH and O:"") and non-radical
pathways ('O> and electron transfer pathway) were worked in all PS/BBCs system.
Radical pathway (SO4™~ and ‘OH) dominated the PS/BBC-700 system, and electron
transfer pathway played a central role in the PS/BBC-900 system. Thus, SO4™" and
"OH would evoke the generation of the biphenyls and diphenyl ethers in the PS/BBCs
systems. However, it has been proved that “OH primarily attacked the substituents on
ACT benzene ring, then the hydroquinone or 4-benzoquinone was generated to assist
the benzene ring opening (de Luna et al., 2013; Li et al., 2014). Given these, it was
reasonable to infer that radical pathway (SO4™") was the main cause for the generation
of products H and I. It was in line with the previous study that the radical (SO4™)
induced the formation of biphenyls and diphenyl ethers (Ji et al., 2019).
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Fig. 7 Proposed degradation pathway of ACT in the PS/BBCs system

It has been reported that the biphenyls and diphenyl ethers generated in PS
activation system showed a higher toxicity than the pollutant itself (Ji et al., 2019;
Yang et al., 2019). This environmental risk might limit the downstream application of
PS activation system. Consequently, the toxicity of PS/BBCs systems was compared
to investigate the inducement of the toxicity.

The variation in toxicity during the ACT degradation pathway was assessed by
Scendesmus obliquus (inhibitory in 96 h). The results showed that only 5%
Scendesmus obliquus was inactivated by 20 mg/L ACT. In addition, the toxicity
climbed with as the catalytic reaction progress (Fig. S8). The evaluation of toxicity
might be due to three reasons: 1) the generated intermediates had high toxicity (Yang

et al., 2019); 2) the radical in the PS/BBC system might kill the Scendesmus obliquus
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(Fan et al., 2013; Zhang et al., 2020); 3) the DOM desquamated from BBCs might do
harm to Scendesmus obliquus.

Relative to PS/BBC-800 system, the increase rate of inhibition gradually declined
after 30 min in the PS/BBC-700 and PS/BBC-900 system. It might be ascribed to the
relative high proportion of radical pathway (SOs~ and "OH) in the PS/BBC-800
system (Fig. 2 and Fig. S2). As mentioned above, the biphenyls and diphenyl ethers
would emerge after 30 min in the PS/BBC-900 system, while the increase rate of
PS/BBC-900 toxicity descend after 30 min. It might prove that the high toxic
intermediates were not master for the removal of Scendesmus obliquus in the
PS/BBCs activation system.

Furthermore, the inhibition rate of PS/BBCs system was compared when ACT
was completely removed. As shown in Fig. S2, ACT was completely removed in 5
min in the PS/BBC-900 system, and time was prolonged to 20 min and 30 min in the
PS/BBC-700 and PS/BBC-800 system, respectively. According to the toxicity
experiment, when the concentration of ACT decreased to 0, the inhibition rates of
Scendesmus obliquus in the PS/BBC-900, PS/BBC-800, and PS/BBC-700 were
24.22%, 30.16%, and 65.77%, respectively. Obviously, the inhibition rate of PS/BBC-
700 system exceeded that of PS/BBC-800 (65.77% versus 30.16%). Considering that
PS/BBC-800 system exhibited a relatively high proportion of SO4~ and "OH than
PS/BBC-700 system, the radicals and high toxic intermediates might not the major
cause for the high toxicity of PS/BBC-700 system. Therefore, the DOM on BBC-700
was denoted as the primary origin of toxicity in the PS/BBC-700 system. Chen and
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his group proved that the amount of DOM on biochar would decrease with the
increase of pyrolysis temperature (Xiao and Chen, 2017), and the DOM on biochar
might be toxic to blue-green algae and eukaryotic green algae (Sun et al.,
2021).Interestingly, the Scendesmus obliquus inhibition rate exhibited a negative
linear correlation (R?=0.9895) with specific surface area of BBCs (Fig. S9). Since
specific surface area is closely related to adsorption capacity of BBCs, it is reasonable
to believe that the excellent adsorption capacity would mitigate the toxicity caused by
PS activation system.

Overall, according to the result of LC-MS, the generation of high toxic
intermediates required the existence of SO4". Furthermore, the environmental risk
caused by PS activation system might owe to the existence of radicals, generation of
high toxic intermediates and the exfoliation of DOM. However, the appearance
toxicity of PS/BBCs system did not exhibit an obvious correlation with these factors,
for the adsorption capacity of BBCs could relieve the toxicity induced by PS
activation process.

4. Conclusion

To sum up, all types of BBCs in this study could activate PS to degrade ACT.
Furthermore, the degradation rate of ACT climbed with the increase of pyrolysis
temperature, and the degradation rate could reach 0.4364 min!. The results showed
that 1) PFRs could do favor to the generation of O,"; 2) Defects not only could
induce the production of SO4™~ and "OH, but also could promote electron transfer

process; 3) HOP in swine bone contributed little for the catalytic capacity of BBCs,
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and it only served as a hard template to create porous structure in BBCs.

LC-MS results illustrated that ACT was degraded by two main pathways in the
PS/BBCs system. Taken the degradation mechanism of PS/BBCs into consideration,
the generation of high toxic intermediates might be related to the emergence of SO4™".
Moreover, the toxicity test showed that all PS/BBCs systems were toxic to
Scendesmus obliquus, and the inhibition was more than 80% in 96 h. It could infer
that the environmental risk caused by PS activation system might owe to the existence
of radicals, generation of high toxic intermediates and the exfoliation of DOM.
Nevertheless, excellent adsorption ability of BBCs can alleviate the environmental
risk caused by PS activation system. Conclusively, purposefully increasing the
specific surface area and reducing the active sites for SO4~ production might be

beneficial to mitigate the toxicity of PS activation systems.

26



508

509

510

511

512

513

514

515

516

517

518

519

520

521

Acknowledgements

This study was financially supported by the Program for the National Natural
Science Foundation of China (51521006, 51879101, 51579098, 51779090, 51709101,
51809090, 51278176, 51378190), the National Program for Support of Top—Notch
Young Professionals of China (2014), the Program for Changjiang Scholars and
Innovative Research Team in University (IRT-13R17), and Hunan Provincial Science
and Technology Plan Project (2018SK20410, 2017SK2243, 2016RS3026), and the
Fundamental Research Funds for the Central Universities (531118010473,
531119200086, 531118010114, 531107050978), The Three Gorges Follow-up
Research Project (2017HXXY-05), the Program for Ecological restoration and
engineering in Chinese Academy of Sciences, Chongqing (E055620201), and Hunan
Natural Science Foundation (2020JJ3009), Hunan Researcher Award Program

(2020RC3025), 531118040083.

27



522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

References

Ahmad M, Rajapaksha AU, Lim JE, Zhang M, Bolan N, Mohan D, et al. Biochar as a
sorbent for contaminant management in soil and water: A review.
Chemosphere 2014; 99: 19-33.

Andrews R, Jacques D, Qian D, Dickey EC. Purification and structural annealing of
multiwalled carbon nanotubes at graphitization temperatures. Carbon 2001; 39:
1681-1687.

Bicalho HA, Rios RDF, Binatti I, Ardisson JD, Howarth AJ, Lago RM, et al. Efficient
activation of peroxymonosulfate by composites containing iron mining waste
and graphitic carbon nitride for the degradation of acetaminophen. Journal of
Hazardous Materials 2020; 400: 123310.

Chen Z, Xiao X, Chen B, Zhu L. Quantification of chemical states, dissociation
constants and contents of oxygen-containing groups on the surface of biochars
produced at different temperatures. Environmental Science & Technology
2015; 49: 309-17.

Cheng X, Guo H, Li W, Yang B, Wang J, Zhang Y, et al. Metal-free carbocatalysis for
persulfate activation toward nonradical oxidation: Enhanced singlet oxygen
generation based on active sites and electronic property. Chemical Engineering
Journal 2020; 396: 125107.

Cheng X, Guo H, Zhang Y, Korshin GV, Yang B. Insights into the mechanism of
nonradical reactions of persulfate activated by carbon nanotubes: Activation
performance and structure-function relationship. Water Research 2019; 157:
406-414.

de Luna MD, Briones RM, Su CC, Lu MC. Kinetics of acetaminophen degradation by
Fenton oxidation in a fluidized-bed reactor. Chemosphere 2013; 90: 1444-8.

Du X, Bai X, Xu L, Yang L, Jin P. Visible-light activation of persulfate by TiO»/g-
CsN4 photocatalyst toward efficient degradation of micropollutants. Chemical
Engineering Journal 2020; 384: 123245.

Duan X, Ao Z, Sun H, Indrawirawan S, Wang Y, Kang J, et al. Nitrogen-doped
28



551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

graphene for generation and evolution of reactive radicals by metal-free
catalysis. ACS Applied Materials & Interfaces 2015a; 7: 4169-78.

Duan X, Sun H, Kang J, Wang Y, Indrawirawan S, Wang S. Insights into
Heterogeneous Catalysis of Persulfate Activation on Dimensional-Structured
Nanocarbons. ACS Catalysis 2015b; 5: 4629-4636.

Fan J, Ho L, Hobson P, Brookes J. Evaluating the effectiveness of copper sulphate,
chlorine, potassium permanganate, hydrogen peroxide and ozone on
cyanobacterial cell integrity. Water Research 2013; 47: 5153-5164.

Fang G, Gao J, Liu C, Dionysiou DD, Wang Y, Zhou D. Key Role of Persistent Free
Radicals in Hydrogen Peroxide Activation by Biochar: Implications to
Organic Contaminant Degradation. Environmental Science & Technology
2014; 48: 1902-1910.

Fang G, Liu C, Gao J, Dionysiou DD, Zhou D. Manipulation of persistent free
radicals in biochar to activate persulfate for contaminant degradation.
Environmental Science & Technology 2015; 49: 5645-53.

Ferrari AC, Basko DM. Raman spectroscopy as a versatile tool for studying the
properties of graphene. Nature nanotechnology 2013; 8: 235-246.

Fu Y, Qin L, Huang D, Zeng G, Lai C, Li B, et al. Chitosan functionalized activated
coke for Au nanoparticles anchoring: Green synthesis and catalytic activities
in hydrogenation of nitrophenols and azo dyes. Applied Catalysis B:
Environmental 2019; 255: 117740.

Fu'Y, Zhang N, Shen Y, Ge X, Chen M. Micro-mesoporous carbons from original and
pelletized rice husk via one-step catalytic pyrolysis. Bioresource Technology
2018; 269: 67-73.

Henschel KP, Wenzel A, Diedrich M, Fliedner A. Environmental Hazard Assessment
of Pharmaceuticals. Regulatory Toxicology and Pharmacology 1997; 25: 220-
225.

Huang W, Zhang H, Huang Y, Wang W, Wei S. Hierarchical porous carbon obtained

from animal bone and evaluation in electric double-layer capacitors. Carbon

29



580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

2011; 49: 838-843.

Huang Z, Zeng Z, Song Z, Chen A, Zeng G, Xiao R, et al. Antimicrobial efficacy and
mechanisms of silver nanoparticles against Phanerochaete chrysosporium in
the presence of common electrolytes and humic acid. Journal of Hazardous
Materials 2020; 383: 121153.

JiY, Shi Y, Yang Y, Yang P, Wang L, Lu J, et al. Rethinking sulfate radical-based
oxidation of nitrophenols: Formation of toxic polynitrophenols, nitrated
biphenyls and diphenyl ethers. Journal of Hazardous Materials 2019; 361:
152-161.

Klupfel L, Keiluweit M, Kleber M, Sander M. Redox properties of plant biomass-
derived black carbon (biochar). Environmental Science & Technology 2014;
48: 5601-11.

Lai C, Liu S, Zhang C, Zeng G, Huang D, Qin L, et al. Electrochemical Aptasensor
Based on Sulfur—Nitrogen Codoped Ordered Mesoporous Carbon and
Thymine-Hg**~Thymine Mismatch Structure for Hg?" Detection. ACS
Sensors 2018; 3: 2566-2573.

Lai Q, Zheng J, Tang Z, Bi D, Zhao J, Liang Y. Optimal Configuration of N-Doped
Carbon Defects in 2D Turbostratic Carbon Nanomesh for Advanced Oxygen
Reduction Electrocatalysis. Angewandte Chemie International Edition 2020;
59: 11999-12006.

Levanov AV, Isaikina OY, Gasanova RB, Uzhel AS, Lunin VV. Kinetics of chlorate
formation during ozonation of aqueous chloride solutions. Chemosphere 2019;
229: 68-76.

Li B, Liu S, Lai C, Zeng G, Zhang M, Zhou M, et al. Unravelling the interfacial
charge migration pathway at atomic level in 2D/2D interfacial Schottky
heterojunction for visible-light-driven molecular oxygen activation. Applied
Catalysis B: Environmental 2020; 266: 118650.

LiJ, Ye Q, Gan J. Degradation and transformation products of acetaminophen in soil.

Water Research 2014; 49: 44-52.

30



609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

Li L, Lai C, Huang F, Cheng M, Zeng G, Huang D, et al. Degradation of naphthalene
with magnetic bio-char activate hydrogen peroxide: Synergism of bio-char and
Fe—Mn binary oxides. Water Research 2019; 160: 238-248.

Liu X, Huang D, Lai C, Qin L, Zeng G, Xu P, et al. Peroxidase-Like Activity of Smart
Nanomaterials and Their Advanced Application in Colorimetric Glucose
Biosensors. Small 2019; 15: 1900133.

Lomnicki S, Truong H, Vejerano E, Dellinger B. Copper Oxide-Based Model of
Persistent Free Radical Formation on Combustion-Derived Particulate Matter.
Environmental Science & Technology 2008; 42: 4982-4988.

Luo H, Zeng Z, Zeng G, Zhang C, Xiao R, Huang D, et al. Recent progress on metal-
organic frameworks based-and derived-photocatalysts for water splitting.
Chemical Engineering Journal 2020; 383: 123196.

Ren W, Nie G, Zhou P, Zhang H, Duan X, Wang S. The Intrinsic Nature of Persulfate
Activation and N-Doping in Carbocatalysis. Environmental Science &
Technology 2020a; 54: 6438-6447.

Ren W, Xiong L, Nie G, Zhang H, Duan X, Wang S. Insights into the Electron-
Transfer Regime of Peroxydisulfate Activation on Carbon Nanotubes: The
Role of Oxygen Functional Groups. Environmental Science & Technology
2020b; 54: 1267-1275.

Rignanese G-M, Pasquarello A, Charlier J-C, Gonze X, Car R. Nitrogen Incorporation
at Si (001)— Si0O; Interfaces: Relation between N 1s Core-Level Shifts and
Microscopic Structure. Physical review letters 1997; 79: 5174.

Ruan X, Sun Y, Du W, Tang Y, Liu Q, Zhang Z, et al. Formation, characteristics, and
applications of environmentally persistent free radicals in biochars: A review.
Bioresource Technology 2019; 281: 457-468.

Song B, Zeng ZT, Zeng GM, Gong JL, Xiao R, Chen M, et al. Effects of hydroxyl,
carboxyl, and amino functionalized carbon nanotubes on the functional
diversity of microbial community in riverine sediment. Chemosphere 2021;

262.

31



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

Sun Q, Li Y, Li M, Ashfag M, Lv M, Wang H, et al. PPCPs in Jiulong River estuary
(China): Spatiotemporal distributions, fate, and their use as chemical markers
of wastewater. Chemosphere 2016; 150: 596-604.

Sun Y, Xiong X, He M, Xu Z, Hou D, Zhang W, et al. Roles of biochar-derived
dissolved organic matter in soil amendment and environmental remediation: A
critical review. Chemical Engineering Journal 2021; 424: 130387.

Sun Y, Yu IKM, Tsang DCW, Fan J, Clark JH, Luo G, et al. Tailored design of
graphitic biochar for high-efficiency and chemical-free microwave-assisted
removal of refractory organic contaminants. Chemical Engineering Journal
2020; 398: 125505.

Tang L, Liu Y, Wang J, Zeng G, Deng Y, Dong H, et al. Enhanced activation process
of persulfate by mesoporous carbon for degradation of aqueous organic
pollutants: Electron transfer mechanism. Applied Catalysis B: Environmental
2018;231: 1-10.

Vo HNP, Le GK, Nguyen TMH, Bui X-T, Nguyen KH, Rene ER, et al
Acetaminophen micropollutant: Historical and current occurrences, toxicity,
removal strategies and transformation pathways in different environments.
Chemosphere 2019; 236: 124391.

Wan Z, Sun Y, Tsang DCW, Xu Z, Khan E, Liu S-H, et al. Sustainable impact of
tartaric acid as electron shuttle on hierarchical iron-incorporated biochar.
Chemical Engineering Journal 2020; 395: 125138.

Wan Z, Sun Y, Tsang DCW, Yu IKM, Fan J, Clark JH, et al. A sustainable biochar
catalyst synergized with copper heteroatoms and CO> for singlet oxygenation
and electron transfer routes. Green Chemistry 2019; 21: 4800-4814.

Xiao X, Chen B. A Direct Observation of the Fine Aromatic Clusters and Molecular
Structures of Biochars. Environmental Science & Technology 2017; 51: 5473-
5482.

Yang J, Pan B, Li H, Liao S, Zhang D, Wu M, et al. Degradation of p-Nitrophenol on

Biochars: Role of Persistent Free Radicals. Environmental Science &

32



667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

Technology 2016; 50: 694-700.

Yang P, Ji Y, Lu J, Huang Q. Formation of Nitrophenolic Byproducts during Heat-
Activated Peroxydisulfate Oxidation in the Presence of Natural Organic
Matter and Nitrite. Environmental Science & Technology 2019; 53: 4255-
4264.

Yang Y, Li X, Zhou C, Xiong W, Zeng G, Huang D, et al. Recent advances in
application of graphitic carbon nitride-based catalysts for degrading organic
contaminants in water through advanced oxidation processes beyond
photocatalysis: A critical review. Water Research 2020; 184.

Yang YY, Ye SJ, Zhang C, Zeng GM, Tan XF, Song B, et al. Application of biochar
for the remediation of polluted sediments. Journal of Hazardous Materials
2021; 404: 15.

Ye S, Yan M, Tan X, Liang J, Zeng G, Wu H, et al. Facile assembled biochar-based
nanocomposite with improved graphitization for efficient photocatalytic
activity driven by visible light. Applied Catalysis B: Environmental 2019a.

Ye S, Yan M, Tan X, Liang J, Zeng G, Wu H, et al. Facile assembled biochar-based
nanocomposite with improved graphitization for efficient photocatalytic
activity driven by visible light. Applied Catalysis B: Environmental 2019b;
250: 78-88.

Ye S, Zeng G, Tan X, Wu H, Liang J, Song B, et al. Nitrogen-doped biochar fiber with
graphitization from Boehmeria nivea for promoted peroxymonosulfate
activation and non-radical degradation pathways with enhancing electron
transfer. Applied Catalysis B: Environmental 2020; 269.

Yu J, Tang L, Pang Y, Zeng G, Feng H, Zou J, et al. Hierarchical porous biochar from
shrimp shell for persulfate activation: A two-electron transfer path and key
impact factors. Applied Catalysis B: Environmental 2020; 260.

Zhang K, Sun P, Faye MCAS, Zhang Y. Characterization of biochar derived from rice
husks and its potential in chlorobenzene degradation. Carbon 2018; 130: 730-
740.

33



696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

Zhang M, Lai C, Li B, Huang D, Zeng G, Xu P, et al. Rational design 2D/2D
BiOBr/CDs/g-C3Ns Z-scheme heterojunction photocatalyst with carbon dots
as solid-state electron mediators for enhanced visible and NIR photocatalytic
activity: Kinetics, intermediates, and mechanism insight. Journal of Catalysis
2019; 369: 469-481.

Zhang X, Ma Y, Tang T, Xiong Y, Dai R. Removal of cyanobacteria and control of
algal organic matter by simultaneous oxidation and coagulation - comparing
the H>O»/Fe(Il) and H2Oo/Fe(Ill) processes. Science of The Total Environment
2020; 720: 137653.

Zhou X, Zeng Z, Zeng G, Lai C, Xiao R, Liu S, et al. Persulfate activation by swine
bone char-derived hierarchical porous carbon: multiple mechanism system for
organic pollutant degradation in aqueous. Chemical Engineering Journal 2019:
123091.

Zhou X, Zeng Z, Zeng G, Lai C, Xiao R, Liu S, et al. Insight into the mechanism of
persulfate activated by bone char: Unraveling the role of functional structure
of biochar. Chemical Engineering Journal 2020; 401.

Zhu X, Li C, LiJ, Xie B, Lu J, Li Y. Thermal treatment of biochar in the air/nitrogen
atmosphere for developed mesoporosity and enhanced adsorption to

tetracycline. Bioresource Technology 2018; 263: 475-482.

34



