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Abstract

Recently, biochar was frequently applied in catalysis field, and it has been regarded
as an efficient carbon-rich material to degrade organic pollutants in water. Various
functional structures of biochar (such as pore structure, oxygen-containing groups and,
defects) have been reported to be valid in catalysis. Whereas the complexity of biochar
structure and composition hinders the further exploration of specific functions of biochar.
To address this problem, selective inactivation experiment was first involved to
investigate the role of oxygen-containing groups in catalysis. In this study, swine bone
derived biochar (BBC) was adopt as catalyst in persulfate (PS) activation system to
degrade acetaminophen (ACT). Both non-radical and radical pathway worked in BBC/PS
system. ACT could be completely degraded in 60 min, and the removal rate could reach
0.3111 mint. The results showed that the ketone groups on the BBC were the primary
active sites of PS/BBC system and it played a major role in non-radical pathway (electron
transfer pathway), and it might act as the active sites to produce "“OH in BBC/PS system.
Besides, the -COOH and -OH on BBC might be beneficial to radical pathway, which can
help to generate "OH and SO4"". Interestingly, residual hydroxyapatite and defects in BBC
might be able to stimulate PS to produce O, ™ and 'O.. With the development of
increasingly precise biochar synthesis techniques, these verdicts give evidence to further

oriented synthesis of biochar.
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1. Introduction

Advanced oxidation processes (AOPs) are broadly applied in water treatment
process, since its strong oxidation capacity can completely mineralize the refractory
contaminants in aqueous media [1-4], including methods such as photocatalysis [5-14],
electrocatalysis [15], Fenton oxidation [16] and ozonation [17]. Considering persulfate
(PS) is more economical ($0.74/kg versus $1.5/kg of hydrogen peroxide) and more
convenient for storage and transportation than that of hydrogen peroxide, the PS
activation system is gradually developed as an important branch of AOPs in these years
[18]. The PS activation system primarily works through radical and non-radical pathway,
SO4™ is distinct among various worked radical species. Furthermore, it possesses a
relatively high redox potential and long lifetime, which is helpful for the complete
mineralization of pollutants in water [19]. Initially, metal ions and metal oxides were used
to efficiently catalyze PS. Furthermore, Wang and his group proved that carbonaceous
materials could also act as catalysts in PS activation system [20, 21]. Then, biochar as a
common carbonaceous material got into the sight of researchers.

Biochar is a simple-design and low-cost rich-carbon solid material, which is
produced by the pyrolysis of biomass. There is a rising consensus that biochar is a
deliberate manner in soil remediation [22] and carbon sequestration fields [23]. Recently,
biochar has been used as a new species of carbonaceous catalyst in AOPs field [24].
Empirically, researchers have reported that functional structures of biochar (such as
defects, oxygen-containing groups, persistent free radicals and pore structure) served as
the active sites in catalysis field. Yu and his group reported that ketone structure inside
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the biochar was the active sites for the degradation of bisphenol A [25]. Zhou and co-
workers unveiled the role of persistent free radicals in organic contaminant degradation
[26]. Besides, oxygen-containing groups were more frequently reported to play an
important role in PS activation system [27, 28]. It is meaningful to understand the
underlying mechanism of the functional structures, because the functional structures
determine the active species in AOPs. On account of the complex composition and
structure of biochar, the specific effect of different functional structures is hard to be
investigated clearly. Overall, taken the effect of functional structures on mechanism and
the increasingly precise synthesis processes of biochar into consideration, the oriented
synthesis of biochar might be achieved in further application. Thus, it is urgent to develop
a method to research the role of functional structures of biochar in AOPs system.

In general, the exploration of the mechanism is achieved by analyzing the change of
material structure before and after the reaction [29, 30]. However, the recovery processes
of materials might have certain impact on the results of instrumental analysis, which may
ultimately affect the analysis of mechanism. With the development of chemical theory
and technology, researchers have proposed a method to identify the oxygen-containing
groups on carbonaceous materials by chemical titration. To be specific, this method aimed
at selectively deactivating oxygen-containing groups by organic agent [31, 32]. It sheds
light on the conclusion that the 2-Bromo-1-phenylethanone (BrPE), phenylhydrazine
(PH), benzoic anhydride (BA) and could deactivate carboxyl (-COOH), ketone (C=0)
and hydroxyl (-OH) on carbon materials respectively and have no effect on other feature
structure (Scheme 1). Taken advantage of the idea of controlling variables, it might be a
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feasible way to further explore the influence of oxygen-containing groups in catalysis.
Guo and co-workers applied the chemical titration mentioned above to investigate the

non-radical pathway of PS activation system [33].

Selectively

deactivate

Scheme 1 The chemical deactivation processes for ketonic ketone, hydroxy and
carboxylic groups on BBC.

Our previous study had introduced bone derived char (BBC) in PS activation system
to degrade 2,4-dichlorphenol (2,4-DCP) [29]. The BBC after reaction was collected for
further analysis, and it manifested that oxygen-containing groups served as the active sites
in BBC/PS system. Radical and non-radical pathway had been proved working in
BBC/PS system, and both of them relied on the adsorption of BBC. Since the adsorption
process might work through chemical and physical adsorption, it was difficult to ensure
that the surface of BBC is not affect by adsorbate. So, the investigation of the mechanism
by existing method remains to be further discussed. Besides, previous method could not

study the concrete role of oxygen-containing groups. Accordingly, the introduction of
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selective deactivated experiment is imperative.

As a typical kind of pharmaceutical and personal care products (PPCPs),
acetaminophen (ACT) is the main ingredient in analgesic [34, 35]. ACT is frequently
detected in municipal wastewater, because it is one of most consumed PPCPs in many
countries [36]. The long-term exposure would not only take adverse effect to ecological
systems, but also disrupt the human endocrine system and even result in cancer.
Comparing to 2,4-DCP, the benzene ring in ACT possesses different substituent groups.
Specifically, the halogens in the benzene ring denotes as the electron-withdrawing groups,
which would suppress the electron cloud density of benzene ring. However, the acetamido
group on ACT is electron-donating group. In order to understand effect of different type
of substituents on BBC/PS system, this study chose ACT as the aim contaminant.

In order to confirm the variation of mechanism brought by the structure changes,
liner sweep voltammetry (LSV) and active species capturing experiment were conducted
by all BBC derivatives. Furthermore, the effect of functional structures of catalytic
capacity was further explored by physical and chemical characterization, including
electron spin resonance analysis (ESR), X-Ray diffraction (XRD), Raman spectra, X-ray
photoelectron spectroscopy (XPS), etc.

2. Materials and methods
2.1 The preparation of biochar and materials

The swine bone derived biochar was synthesized by the pyrolysis of de-fatted
spareribs. The de-fatted process was accomplished by cooking. Collected cooked bones
were first carbonized by tuber furnace in the N2 atmosphere at 450 <C. Pre-carbonized
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particles were further carbonized at 900 <TC (hold for 2 h). The 150 mL of 6 M HNO3 was
used to further process the products. After rinsing to neutral and drying out, the obtained
materials were labelled as BBC. Furthermore, the materials not treated with acid were
labelled as BBC-WA. BBC-1300 was obtained from further pyrolysis of BBC in tube
furnace (1300 <C, 2 h).

2-Bromo-1-phenylethanone (BrPE, 99%), phenylhydrazine (PH, 99%), and benzoic
anhydride (BA, 99%) were used to selectively deactivate the functional groups on BBC,
for they could selectively react with carboxylic groups (-COOH), ketone (C=0), and
hydroxyl (-OH) on carbon materials, respectively (detailed modification process was
presented in supplementary information). Modified materials were labelled as BBC-BrPE,
BBC-PH and BBC-BA, respectively. All chemicals were bought from sinopharm
chemical reagent Co., Ltd., which were of reagent grade and used as received.
2.2 Catalytic experimental process

All batches were taken in the same beaker at room temperature. In order to evenly
distribute the materials, magnetic stirring apparatus was applied. 1-hour-adsorption
experiment was conducted to differentiate the effect of adsorption and catalysis. Firstly,
100 mg/L prepared BBC was dispersed into the solution (ACT, 20 mg/L). After 1 h
adsorption, the PS of the same weight (1 g/L) was added into the solution, and the
catalytic process began. After filtering by 0.22 um nylon filter, the samples were collected
at each predetermined interval. NaxSO4, NaCl, and NaNOs were used as the additive of
S04, CI” and NOs™ to assess the effect of common inorganic anions. After each run,
BBC was treated with 0.1 M HNOs3, and then rinsed by ethanol and ultrapure water to
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neutral. The stability tests were accomplished by drying these collected BBC. Ethanol
(EtOH), tert-butyl-alcohol (TBA), benzoquinone (BQ), NaNs, and K>CrO4 were chosen
as the quenching agent in this experiment, for they could selectively scavenge different
species active species and electron effectively.
2.3 Characterization of catalyst

XPS (ESCALAB 250Xi spectrometer, K-Alpha), XRD and Raman spectra were
taken to detect the structure and constituent of the prepared materials. Raman spectra was
conducted on LabRAM HR800 with 325 nm He-Cd laser, and XRD (Rigaku Dmax 2500,
Japan) was in range from 10°to 80< Except for XPS, the surface functional groups of
samples were also analyzed by FT-IR (IRTracer-100, Japan). The Brunauer-Emmett-
Teller (BET) gas adsorption isotherm was taken on Quantachrome Autosorb AS-1 with
N> to measure the specific surface area.
2.4 Analysis

The variation of ACT was measured by high performance liquid chromatography
(Agilent 1200, C18 column (5.0 um, 4.6 mm x 250 mm)). The mobile phase was
combined by methanol and water (30:70, v/v), while the flow rate was 1 min/L (the
column worked at 40 <C). The UV detector set at 243 nm. CHI760E electrochemical
workstation served as the instrument to measure LSV. Bruker ER200-SRC was applied
to measure ESR, which was used for verifying the generation of different active species.
5,5-dimethyl-1-pyrroline N-oxide (DMPQO) and 2,2,6,6-tetramethylpiperidine (TEMP)
were chosen as a trapping agent to identify active species. The SO4™~, "OH were detected

in deionized water, while O,"~ was detected in methanol circumstance.
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3. Results and discussion
3.1 Catalytic performance of BBC for ACT degradation

As mentioned above, previous study has proved that the BBC/PS system could
degrade 2,4-DCP effectively [29]. Ren and co-workers reported that substituents of
phenols did influence the degradation effect of PS activation system [37]. In order to
understand effect of different types of substituents on BBC/PS system, this study chose
ACT as the aim contaminant. Pre-experiment result showed that BBC/PS system could
conspicuously accelerate the process of ACT degradation (Fig S1).

For further investigating the kinetics of this reaction, pseudo-first-order kinetics
based on Langmuir-Hinshelwood model was fitted. The high regression coefficients
manifest the reaction conforms to first order kinetics equation. kops is the label of the
pseudo-first-order rate constant, and it is obtained by Eq. (1). The calculation illuminated
that the kops Of this system reaches 0.3111 mint. Comparing to other degradation methods,
BBC/PS system possesses a remarkable degradation capacity for ACT (Table S1), which
means BBC/PS system might be a proven pathway to manage micropollutant.

In (C/Co) = - Kopst 1)

ESR have confirmed the existence of active species in BBC/PS system, while DMPO
and TEMP were chosen as the trapping agents. As presented in Fig. 1, SO4™", "OH, 02"
and 1O; all emerged in BBC/PS system, and the concentration of all active species had a

tendency to increase with time.



(b)

* DMPO-OH ADM PO-OI" L A A L
+DMPO-SO,

_~
=~
e

10 min

Relative intensity (a.u.)

Relative intensity (a.u.)
— — -
o ‘1
E
=

318.4 318.5 318.6 318.7 318.8 318 320 322 324 326
Magnetic field (mT) Magnetic field (mT)
(c)
+TEMP-'0,
L] * -
? \"“I JN" "Hl
. | Il H
) D J ‘\ PRSI b S i | - Ul_o,_T,lE
7 | / |/ |
= \f | |/
w \/ {/ 1/
= V V v
2
g
™ 5 min
2T \(— — \f“—“‘“ \f’—“""_"“
=
=
<
e A o . 1 min
1 1 1 1
318.4 318.5 318.6 318.7 318.8 318.9
Magnetic field (mT)

Fig. 1 Electron spin resonance analysis of BBC by using DMPO and TEMP as trapping
agents in BBC/PS system (O2"" was detected in methanol circumstance). [ACT] = 20
mg/L, [PS] =1 g/L, [BBC] =0.1 ¢g/L, [Temp] = 298 K.

Generally, persulfate activation system could degrade the pollutant by radical
pathway and non-radical pathway. While the most common types of free radicals in PS
activation system are SO4"~, "OH, O2"", the non-radical pathway is consisted by 'O, and
electron transfer process [20]. To further explore the role of radical pathway and non-
radical pathway, LSV and active species capture experiment were taken respectively (Fig.
2). According to previous studies, BQ and NaN3 were chosen to explore the role of O2™"
and 1O, respectively [30, 38]. While EtOH is effective for both SO4"~ and "OH (k-ou =
(1.2-2.8) x10° M 5% K sosa- = (1.6-7.8) <10 M* s71), TBA can only capture "OH
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immediately (k-on = (3.8-7.6) <108 Mt s, k sosa- = 4 x10° M* s71). Consequently,
when the EtOH and TBA are both selected as trapping agent, the role of SO4*~ and "OH
in PS activation system can be evaluated [29]. In this study, excess trapping agents were
added in the BBC/PS system, and the variation of kobs exhibited that each trapping agent
could inhibit the catalytic process. After the addition of excess TBA, BQ, and NaNs, the
kobs reduced from 0.3111 min? to 0.2306 min™, 0.2403 min? and 0.2834 min™,
respectively. The result verified the existence of ‘OH, O~ and 'O, and the greater
variation of kops illustrated that “OH was more important in this system. Besides, the
inhibition effect of EtOH (0.2196 mint) was stronger than that of TBA (Fig. 2a), which
demonstrates the appearance of SOs~ in BBC/PS system. Extrapolating from the
relatively small gap with the inhibitory effect of EtOH and TBA, the "“OH might be the
major radical in BBC/PS system. The active species quenching experiment unveiled that
the SO4™~, "OH, O2"~ and O all worked in BBC/PS system (Eq. (3-5)). SO4"~ might be
produced by reaction with PS and H»O, and the O>"" could be generated at the same time.

Furthermore, free SO4™~ in BBC/PS system could further generate “OH.

S,0% +2e” — 2507 (2)
S,03 +2H,0 — 2SO + HO; + H' (3)
S,03” + HO; — 2805 + SOy + H'+ 05 (4)

SO; + OH — "OH + SOF (5)

However, none of the trapping agent can immediately terminate the degradation
process, so, the non-radical pathway (electron transfer process) (Eq. (2)) might be the
principal factor in this system. LSV was measured in 20 mM PBS to analyze the effect of
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electron transfer process [39, 40]. The variation of current could assess the electron
transfer capacity in the corresponding system. As showed in Fig. 2b, although PS and
ACT were all added to the solution, there was almost no current response in bare glassy
carbon electrode (GCE). After ornamenting by BBC, electron transfer ability was
improved. Only when PS and ACT both existed, the current reached a peak. It supported
the existence of electron transfer process in BBC/PS system. Aside from LSV, electron
capture experiment also applied to verify the effect of electron transfer process in PS
activation system. For probing into the proportion of electron transfer process in BBC/PS
system, K2CrO4 was added [41]. The sharp decrement of Kobs (from 0.3111 min* to 0.065
min) supported that the electron transfer process dominated the degradation of ACT. In
conclusion, when ACT was chosen as the aim pollutant, both radical and non-radical
pathway worked in the BBC/PS system and the non-radical pathway (electron transfer

process) had a greater impact on ACT degradation.
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Fig. 2 (a) Effect of EtOH (0.75 M), TBA (0.75 M), BQ (1 mM), NaN3z (1 mM), and
K2CrOs (1 mM) on ACT degradation in BBC/PS system and the insert presented

corresponding pseudo-first-order rate constants, (b) LSV obtained by the bare GCE
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electrode and BBC ornamented GCE electrode (BBC/GCE) in the presence of PS or ACT.
[ACT] = 20 mg/L, [PS] = 1 g/L, [BBC] = 0.1 g/L, [Temp] = 298 K.
3.2 The role of functional structure of BBC

Since biochar was applied in the PS activation system, various functional structures
have been reported to be closely related to the catalytic capacity of biochar. Acid
treatment and high temperature treatment are the common means to change the functional
structure of carbon materials. Consequently, studies were launched to explore the specific
role of these functional structures.

Swine bone is consisted by organic component (25 wt.%), inorganic component (65
wt.%), and water (10 wt.%) [42]. The main organic and inorganic components of bone
are collagen and hydroxyapatite. While the collagens serve as the carbon source for BBC,
the vast hydroxyapatite might block or cover the pore of carbon structure. For
hydroxyapatite is intolerant to acidity, the acid treatment was applied to explore the effect
of residual hydroxyapatite. The results showed that acid treatment is the critical step in
BBC synthesis, because this process can boost the catalytic ability of BBC. For further
understanding the relationship between functional structures and acid treatment, BBC-
WA was involved. In addition, researches have reported that high-temperature treatment
was a valid way to deactivate the oxygen-containing groups and generate defects on
carbonaceous materials [43, 44]. So, the BBC was carbonized in 1300 <C (labeled as
BBC-1300) and the resulting material was applied for further study. The effect of these
treatments on BBC is directly reflected in the change of specific surface area. The acid
treatment might wipe off the inorganic component on the biochar, which blocked the pore
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in BBC-WA. Hence, the specific surface area boosted from 112 m?/g to 1024 m?/g after
the acid treatment. The specific surface area of BBC-1300 climbed to 1157 m?/g, which
illustrated that high temperature treatment could further increase the specific surface area.

XRD and Raman were taken to analyze the structural changes of BBC-WA and BBC-
1300. In Fig. 3a, the peaks at (002) and (100) were attributed to the amorphous structure,
and there is no obvious difference in crystal structure between BBC and BBC-1300.
Besides, peaks around 32<and 40 <indicated the existence of CaSi, and hydroxyapatite
in BBC-WA (JCPDS Card No. 73-1964). The different between BBC and BBC-WA might
contribute to the removal of inorganic component in swine bone, which might cover or
block the carbon structure, ultimately, the peak of amorphous structure was hidden. This
speculation could be supported by the soaring of specific surface area after acid treatment.
With respect to Raman spectrum, generally, the peaks at 1580 cm™ and 1350 cm™ are the
signal of graphite structure and defects, and the ratio of Ip and Ig represents the disorder
degree of carbonaceous materials. The results of Raman spectrum illustrated that the high
temperature treatment (1300 <C) endowed the BBC with more defects, which is in line

with previous study [45].
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Fig. 3 (a) X-ray diffraction pattern of BBC, BBC-WA and BBC-1300, (b) the Raman
spectra of BBC and BBC-1300.

FTIR (Fig. S2) and XPS were applied to explore the surface functional groups and
elementary composition on these materials. FTIR spectra manifests that the BBC, BBC-
WA and BBC-1300 all have ketone (C=0), hydroxyl (-OH) and carboxyl (-COOH). The
FTIR spectra pattern of BBC was similar to that of BBC-1300, but the transmittance of
each peak experienced a decrement after high temperature treatment. It proved that the
high temperature might be able to deactivate all oxygen-containing groups on the BBC.
The difference in the pattern and the transmittance between BBC and BBC-WA might
result from the great distinction of elementary composition. Thus, the role XPS survey
was taken to explore the variation of composition differences among BBC, BBC-WA and
BBC-1300. On the whole, acid treatment and high temperature processing could reduce
the oxygen content in the materials. The information given by Table 1 declared that the
oxygen content of BBC-WA plummeted to 9.36% after acid processing, and the oxygen
content of BBC-1300 was lower than that of BBC. Furthermore, the peaks of Ca2p, Nals
and P2p in the XPS survey spectra of BBC-WA could prove the retention of the natural
inorganic component (hydroxyapatite). The vanishing of peaks of Ca2p, Nals, P2p, etc.
verified that the acid treatment removed the residual hydroxyapatite on BBC-WA, which
was consistent with the result of XRD.

Table 1 Relative amount of carbon and oxygen in BBC, BBC-WA, and BBC-1300

(Atomic, %)

Samples C @)
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BBC-WA 50.06% 49.94%

BBC 90.64% 9.36%
BBC-1300 94.81% 5.19%
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Fig. 4 XPS survey of BBC, BBC-WA and BBC-1300.

BBC-WA and BBC-1300 were applied in PS activation system to further explore the
effect of structure on catalysis. Results showed that the adsorption capacity of BBC-1300
was higher than that of BBC, and almost no ACT was adsorbed on BBC-WA (Fig. S1).
The catalytic efficiency of BBC-WA and BBC-1300 was lower than that of BBC. To be
specific, the kobs decreased to 0.2409 min after high temperature processing, and the Kobs

of BBC-WA was 0.1600 min™. Active species capture experiment (Fig. 5) and LSV (Fig.
16



S3) were taken to further understand the mechanism. Surprisingly, significant changes in
degradation mechanisms could be observed. Unlike the BBC/PS system, which was
dominated by electron transfer process, the role of electron transfer process in BBC-
WAV/PS and BBC-1300/PS system were obviously suppressed. While the effect of 1O, and
02"~ were enlarged in BBC-WA/PS system, the role of 02, O, and SO4™~ were
magnified in BBC-1300/PS system (The specific kobs have presented in Table S2).

The low removal efficiency of BBC-WA/PS system might be due to the low
adsorption capacity to ACT (Fig. S1). Generally, the adsorption of organic contaminants
on biochar mainly relies on electrostatic interaction, hydrophobic effect, hydrogen bonds,
and pore-filling. Oxygen-containing groups (such as -COOH and -OH) and the specific
surface area were deemed as the key factor, which predominate the adsorption of organic
contaminant on biochar [46]. However, the relatively high oxygen content in BBC-WA
did not promote the adsorption of ACT, while the decrement of oxygen in BBC-1300 had
no obvious adverse effect to its adsorption capacity. Additionally, comparing BBC, BBC-
WA, and BBC-1300, the specific surface area and adsorption capacity is positively
correlated. Hence, the specific surface area might be the major factor for the adsorption
capacity.

Theoretically, both radical and non-radical pathway rely on the adsorption process.
The BBC/WA maintained the degradation ability to ACT in some extent might owe to the
collision caused by magnetic agitation. Thus, the electron transfer process, which is more
dependent on the adsorption process, nearly played no role in BBC-WA/PS system.

Although the specific surface area of BBC-1300 was higher than BBC and a stronger
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adsorption capacity could be observed, the role of electron transfer process still suffered

an abatement. It might be due to other structure changes caused by the high temperature

treatment.
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Fig. 5 (a) The catalytic performance of BBC, BBC-WA and BBC-1300, (b, c) active
species capture experiment of BBC-1300 and BBC-WA respectively. The insert was the
corresponding pseudo-first-order rate constants. [ACT] = 20 mg/L, [PS] =1 g/L, [BBC]
= 0.1 g/L, [EtOH] = 0.75 M, [TBA] = 0.75 M, [BQ] = 1 mM, [NaN3] =1 mM, [Temp] =
298 K.

Among various functional structures of biochar, oxygen-containing groups were
commonly reported to serve as active sites. For investigating the role of different oxygen-

containing functional groups in BBC/PS system, the selective inactivation experiments
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of functional groups were conducted. As mentioned above, previous studies had applied
organic reagents to selectively deactivate the oxygen-containing functional groups on
carbon materials [31, 32]. Specifically, the PH, BA and BrPE could selectively react with
-C=0, -OH and -COOH on carbonaceous material without affecting other groups
(Scheme 1). Absolutely, this method was proved to have little effect on other
characteristic structure of the target materials. Besides, in the modification process, BBC
would be soaked and stirred in an organic solvent. In order to avoid the influence of the
organic solvent, BBC was soaked and stirred in organic solvent without inactivator, which
was labeled as BBC-EA.

XPS survey and O1s (Fig. 6) high resolution spectrum were taken to verify the success
of selective inactivation of modified BBC (Fig. 6). According to O1s high resolution
spectrums, peaks around 522.5 eV and 523.6 eV represented the vibrations of C-OH/C-
O-C and C=0, respectively. Abatement in the content of C=0 and -OH could be directly
observed, after embellishing by PH and BA, respectively. While the BBC and BBC-BrPE
have a similar proportion of C=0 and -OH, the climbing of Zeta potential (pH=7) after

BrPE decoration proved the inactivation of COOH in BBC (Fig. S4).
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Fig. 6 O1s spectrums of (a) BBC, (b) BBC-PH, (c) BBC-BA and (d) BBC-BrPE.

As shown in Fig. 7a, the soak and stir process accelerated the catalysis, for it might
diminish the particle size so that the BBC-EA was more evenly dispersed in the water.
Although the decline of kops could be observed after modified by PH, BA, and BrPE, the
PH showed the strongest inhibitory effect. Specifically, the kons 0f BBC-PH attenuated to
0.1816 min™. While the PH, BA, and BrPE were aimed at C=0, -OH, and -COOH,
respectively, the selective inactivation experiments manifested that C=0, -OH, and -
COOH all work in BBC/PS system, and the C=0 was the most powerful one. It was in
accordance with previous studies that C=0 acts as the active site in PS activation system
[25, 47]. With respect to active species in BBC/PS system, SO4™", "OH, 02"~ and 'Oz were
all contributed to PS activation system, when BBC-PH, BBC-BA and BBC-BrPE served

as catalyst. Albeit the proportion of different species active species in BBC-BrPE/PS and
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BBC-BA/PS system is similar to that of BBC/PS system (the role of "OH and SO4"~ >
02"~ > 10,), the inhibitory effects of trapping agent were slightly declined (The specific
kobs have presented in Table S2). Thus, the -COOH and -OH might be the active sites for
generating radicals, the conclusion is consistent with the previous studies that the -COOH
and -OH on biochar could promote the production of radicals [27, 48]. Comparing to
BBC/PS and BBC-BrPE/PS system, the gap between the inhibition of EtOH and TBA
was larger in BBC-BA/PS system. In brief, the role of SOs™~ was highlighted after the
inactivation of -OH. Under this fact, -OH might be able to act as the active sites to produce
"OH. Besides, the effect of “OH was inhibited when C=0 was deactivated. It might be a
reasonable deduction that in BBC/PS system C=0 could be the active sites to produce
"OH.

LSV were also taken to investigate the electron transfer process. LSV obtained by
BBC-BA and BBC-BrPE ornamented GCE electrode in the presence of both PS and ACT
were roughly the same as that of BBC. Conversely, a visible decline of LSV current could
be seen when GCE was ornamented by BBC-PH. It was a strong evidence to prove the

C=0 was the active sites for electron transfer pathway (Fig. S3).
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Fig. 7 (a) The catalytic performance of BBC, BBC-PH, BBC-BA, BBC-BrPE and BBC-
EA, active species capture experiment of (b) BBC-PH, (c) BBC-BA and (d) BBC-BrPE
respectively. The insert was the corresponding pseudo-first-order rate constants. [ACT] =
20 mg/L, [PS] = 1 g/L, [BBC] = 0.1 g/L, [EtOH] = 0.75 M, [TBA] = 0.75 M, [BQ] = 1
mM, [NaN3z] =1 mM, [Temp] = 298 K.

Taken all BBC and its derivatives into account, the concrete relationship between
functional structures and mechanisms became clear (Table 2). The roles of 02"~ and 1O
were magnified in BBC-WA/PS system. In consideration of oxygen-containing groups
are always reported as the active sites in PS activation system, the different proportion of
different species of active species might account for the different content and type of

oxygen-containing groups. According to the selective inactivation experiment, none of
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the oxygen-containing groups could help to generate O~ and O,. Thus, the difference
between BBC and BBC-WA might be embodied in the existence of inorganic component
in BBC-WA. In view of the structure difference between these materials, it was reasonable
to infer that the hydroxyapatite remained in BBC-WA could stimulate production of O2"".
Furthermore, on the basis of the reaction mechanism, excess O2"" could react with "OH
or H* to produce 1O; (Eq. (6-7)).
‘'OH+0; — '0, +OH (6)
2H'+205 — '0, + H,0, 7)
BBC-1300 deactivated all kinds of oxygen-containing groups and obtained more
defects. The selective inactivation experiment proved that C=0 was the active sites for
electron transfer process, so that the little minor role of electron transfer process might
result from the inactivation of C=0. However, the catalytic efficiency of BBC-1300
(0.2409 mint) was higher than BBC-PH (0.1816 min™), albeit the LSV current of BBC-
1300 was lower than BBC-PH. This might be due to other structural changes brought by
high temperature treatment. It was obviously that the inhibition of BQ and NaNs3 (trapping
agent of Oz~ and '0) are more potent than that of BBC/PS system. On the basis of
previous study, the enlargement of the role of O,"~ and *O2 might owe to the increase of
defects [33]. The greater gap between the inhibition of EtOH and TBA demonstrated that
the proportion of SO4™~ was amplified after high temperature treatment. Based on the
results of selective inactivation experiment, the increase in the role of SOs~ might
because of the abatement of -OH on BBC-1300.

Table 2 The concrete relationship between functional structures and mechanisms.
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Active sites Mechanisms

-OH, -COOH S04, "OH
Defects and inorganic component 0,7, 10,
-C=0 "OH, Electron transfer process

3.3 The effect of water matrices and stability tests

As a typical kind of PPCPs, ACT does not generally appear alone in wastewater.
Studies have proved that inorganic anions (such as CI7, NO3") and natural organic matters
(NOMs) might influence the catalytic performance of PS activation system [49]. They
could serve as the capture agents of radicals in PS activation system, ultimately diminish
degradation efficiency for ACT. Hence, experiments were taken to confirm the influence
of water matrices to BBC/PS system.

Fig. 8a manifested that both CI” and NOs™ could slightly impair the degradation
capacity of BBC/PS system, while humic acid (HA) could promote this process.
According to previous studies, the inorganic anions primarily work through trapping the
radicals [18, 28]. The results showed that CI” and NO3™ had little effect on the degradation
process, it supported the deduction that ACT was mainly degrade by non-radical pathway.
It has been reported that the CI™ acts on both non-radical and radical pathway. Specifically,
CI™ could restrain the degradation process by capturing the radical (Eq. (8)-(11)), and
excess Cl™ in aqueous media could accelerate the electron transfer in non-radical pathway
[28, 50]. For further understanding, experiments were conducted the effect of different

concentrations of CI™ (Fig. S5). While 5 mM CI” was added, an inhibition could be
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observed. With the climbing of CI™ concentration, there was a decrease of inhibition. An
improvement of degradation efficiency could be seen when the concentration of CI™ reach
20 mM. This phenomenon was in line with the previous studies [19, 51]. HA was chosen
as the typical NOMs to explore the effect of NOMs on BBC/PS system. Unlike some
published reports, the HA shows a pronounced positive impact on ACT degradation. It
may be owe to the sole phenol, semi-quinone groups and quinone molecules in NOMs,

which could generate SO4"~ and "OH by activating PS [52, 53].

SO;+CI - CI'+ SO; (8)
"OH+CI' - CIOH"™ @)
CIOH"™+CI" » CI;+OH (10)
CI'+ClI > CIy (11)
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Fig. 8 (a) Effect of the given concentration ClI, NOs  and HA, the insert presented
corresponding pseudo-first-order rate constants, (b) The stability test of BBC/PS system
[ACT] = 20 mg/L, [PS] = 1 g/L, [BBC] = 0.1 g/L, [Temp] = 298 K.

Stability experiment is an alternative option to investigate the promising application
of BBC. Fig. 8b showed the stability test of BBC with and without acid treatment. An

25



obvious decline of degradation rate for the recycled BBC without acid treatment could
been seen. However, the kobs Of recycled BBC with acid treatment could maintain at
0.2371 min after 4th run (Fig. S6). It illuminated that the acid treatment was an effective

way to enhance the stability of BBC.
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4. Conclusion

To sum up, BBC could be applied in PS activation system to degrade ACT effectively,
and both radical and non-radical pathway were worked in this system. Water matrices had
little effect on BBC/PS system, and the BBC possessed an excellent stability. However,
non-radical pathway (electron transfer process) dominated the degradation process.
Among various worked radical species, ‘OH might have the greatest impact on this
system. Different from traditional research methods, selective inactivation of oxygen-
containing groups was applied to investigate the active sites of BBC. Combining with the
experimental results of BBC-WA and BBC-1300, these corollaries were presented: (a)
electron transfer process was highly contingent on C=0; (b) residual hydroxyapatite and
defects might stimulate PS to produce O2"~ and *O; (c) -OH and -COOH were the active
sites for radical pathway; (d) C=0 might be the active sites to produce “OH in BBC/PS
system. In general, each of SO4™", "OH, O>"", 'O and electron transfer process had its
own advantages in different environments. Since biochar was used in catalysis field,
various characteristic structures were reported to work in PS activation system. Whereas
the specific role of structures has not been studied. Understanding the mechanism of
different characteristic structures is helpful to the oriented synthesis of biochar in practical
application. This study gives a brand-new perspective to application of biochar in

catalysis.
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