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HIGHLIGHTS GRAPHICAL ABSTRACT

® Three types of biochar can efficiently
activate hydrogen peroxide.

® Biochar/H,0, systems exhibited high
tetracycline degradation efficiency.

® Catalytic property of biochar depends
on the amounts of PFRs.

® Biomass types and its compositions
were crucial for the formation of PFRs.

® Electron transfer pathways could be
the catalytic mechanisms of biochar.
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ARTICLE INFO ABSTRACT

Keywords: Biochar, a green material that possesses high catalytic potential due to its persistent free radicals (PFRs), has
Heterogeneous Fenton-like systems attracted increasing attention in the removal of refractory pollutants from water. The influences of biomass types
P‘?rSiSte“t free radicals (bamboo, corn stalk, and pig manure) and its compositions (metals and phenolic compounds) on the formation
Biomass of PFRs in biochar were investigated by electron paramagnetic resonance (EPR). It was found that the amounts

Biochar/H,0, systems

Degradation of PFRs in biochar would decrease sharply with the decrease of the initial metals and phenolic compounds

existed in biomass, and the effect of metals contents on PFRs formation was much greater than that of phenolic
compounds contents. This finding was supported by the results obtained from elemental analysis and molar H/C
analysis of three types of biochar, which suggested that pig-manure biochar (PM500) had the highest con-
centrations of PFRs of 14.13 x 108 spins'g ™! due to the high content of metals and phenolic compounds in pig
manure. The EPR trapping experiment and Linear sweep voltammetry (LSV) measurements in biochar/H50,
systems showed that -OH was the dominant reactive radical and electrons transfer pathways might be re-
sponsible for the activation of H,O, by biochar. Possible degradation pathways of the tetracycline in biochar/
H,0, systems were also proposed. Besides, high degradation efficiency and good stability were observed in real
wastewater application of the PM500/H,0, system. These findings would provide a clearer insight into the
formation mechanisms of PFRs in biochar, and also present a better strategy for biochar preparation and ap-
plication in Fenton-like system.
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1. Introduction

Persistent organic pollutants, like antibiotics, have caused a number
of ecological problems in the aquatic environment. Finding an efficient
and practical method to remove refractory pollutants from water has
become a focused issue. Advanced oxidation processes (AOPs), espe-
cially Fenton/Fenton-like reaction, are widely used to deal with the
persistent organic pollutants in water owing to its simple operation,
eco-friendly and high treatment efficiency [1-4]. The essence of the
traditional Fenton method is that Fe?* can act as a catalyst to activate
the transformation of hydrogen peroxide (H>O-) to hydroxyl radical (-
OH), but this process is accompanied with the production of large
amount of sludges and the leaching of metal ions which might result in
secondary pollution [5-8]. There were a lot of efforts to improve the
Fenton method that made by the previous studies [9-12]. Our team
found that the novel synthesized material steel converter slag modified
by salicylic acid-methanol and cobalt nitrate (Co-SAM-SCS) can re-
markably promote the activation of H>O, due to the synergistic effect
between introduced Co and SAM-SCS [13]. Chen and co-workers found
that the CeO, modified with sulfate groups as acidic sites or pretreated
by sulfation can significantly improve the catalytic activity of CeOy/
H,0, system [14,15]. Although these novel compound materials pos-
sesses excellent catalytic properties, there is an inevitable fact that the
problem of metal leaching still exists and the limited raw materials may
cause a higher fabricating cost due to the multi-step productive process.
Therefore, it is particularly important to find an environmental-friendly
catalyst with satisfactory performance.

Pyrogenic carbonaceous matter, including biochar, activated
carbon, and related materials like graphene and nanotubes, have been
used in Fenton/Fenton-like systems to replace iron catalysts due to their
great superiorities in well-developed pore structure, large surface area
and highly active surface functional groups. Nilsun H. Ince and Izzet G.
Apikyan [16] have discovered that activated carbon can efficiently
degrade phenol by catalyze H,O,. After that, researchers constantly
found that many porous carbon materials (graphite carbon, mesoporous
carbon, and activated carbon fiber, etc.) can be used as the support of
catalyst, sometimes even as a direct catalyst, to participate in the ac-
tivation process of peroxide oxidants (H,O,, persulfate, and peracetic
acid, etc.) [17-23]. These activation processes could produce strongly
oxidized free radicals (-OH, sulfate radical, and alkoxyl radicals, etc.)
which can effectively degrade persistent organic pollutants in water
environment. Compared with other carbon materials, biochar, a sus-
tainable pyrolysis product of agricultural solid waste, has attracted
extensively attention in the application of catalysis as its low cost,
simple preparation, and higher reactive surface composition [24-28]. It
has been reported that biochar has the ability to transfer electrons due
to the existence of persistent free radicals (PFRs) so that it can activate
H,0, or persulfate to remove refractory organic pollutants [29,30].
PFRs may be the saturated free radical product formed by the combi-
nation of the carbon-centric dangling bond and the molecular oxygen
during the process of natural cooling of the freshly prepared biochar
[31-33]. It was also reported that a portion of these saturated free ra-
dical products would fade away in a few hours and the other part could
exist a long time due to the widely n-delocalization function or the
separation with the surface of material [34,35]. A preliminarily work
studied the influence of the morphological structure and chemical
characteristics of the wheat stalk biochar on H,0, activation, the results
showed that the big porous structure and high aromatic degree of the
high temperature biochar were advantageous to the generation of -OH
[36]. Vejerano E and his group found that PFRs may be formed through
the thermolysis of peculiar organic molecular (phenols, catechols, and
hydroquinones, etc.) chemisorbed by metal oxides and this process
followed a mechanism of electron transfer from the adsorbate to the
metal atom [37-40]. Therefore, it is hypothesized that the formation of
PFRs in biochar may follow a similar mechanism. However, there is a
crucial but almost neglected issue that the different types and
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compositions of feedstocks will change the properties of biochar, which
can affect the formation of PFRs in biochar [41-44]. Hence, the study
about the effects of biomass types and its compositions on the PFRs in
biochar can better explain the formation mechanisms of PFRs.

The main objectives of this paper were as follows: (1) To demon-
strate the relationship between the PFRs in biochar and the catalytic
ability of biochar in Fenton-like systems; (2) To understand the influ-
ences of different compositions of biomass on the formation of PFRs in
biochar by changing the ingredients in the feedstocks; (3) To explore
the possible catalytic mechanisms of biochar in biochar/H,0, systems
and the formation mechanisms of PFRs in biochar. Considering the
harmful effects on ecology environment and human health, tetracycline
(TC) was selected as the model contaminant to evaluate the degradation
efficiency of biochar/H,0, system and the mechanism of TC degrada-
tion by -OH was also investigated [45,46].

2. Materials and methods
2.1. Materials

Three types of common biomass including corn stalks (CN), bamboo
(BA), and pig manure (PM) were collected from villages of Changsha,
Hunan province, China. TC was obtained from Sigma Chemical
Company (99%, w/w). H,O, (30%) was purchased from J&K Scientific
Ltd, China. Glycerol, EDTA and the rest of the chemicals were pur-
chased from China National Medicines Corporation Ltd (Beijing,
China), ultra-pure water (resistivity of 18.25MQcm) was used
throughout the experiments.

2.2. Metals and phenolic compounds extraction experiment

To change the contents of metals and phenolic compounds in
feedstock, three types of biomass (CN, BA, and PM) was extracted by
120 mM EDTA and 40 mM Glycerol, correspondingly. Firstly, biomass
materials were rinsed with ultra-pure water three times to remove dust
particles and dried at 60 °C for 24 h, the oven-dried biomass materials
were ground into powder by a high-speed rotary pulverizer and
screened through a 100-mesh sieve. Then, 800 mg of these samples
powders was added to 100 mL aqueous solution containing an ex-
tracting agent. After being shaken for a definite period in a stoppered
centrifuge tube at room temperature (25 °C), the samples were filtered
and collected, while the rest of solution was analyzed by high perfor-
mance liquid chromatography (Agilent 1100, America) and Atomic
Absorption Spectrometry (Z-2000, Hitachi, Japan). The obtained sam-
ples were rinsed with ultra-pure water three times to remove extracting
agent and dried at 60 °C for 24 h. After that, these samples were stored
in an anaerobic glovebox purged with N, for future use.

2.3. Biochar preparation

All the biomass materials used in this study were rinsed with ultra-
pure water three times to remove dust particles and dried at 60 °C for
24 h, then the oven-dried biomass materials were ground into powder
by a high-speed rotary pulverizer and screened through a 100-mesh
sieve. The pyrolysis processes were as follows: Firstly, the dried biomass
powders were put in a quartz boat and pyrolysed with N, purge
(0.5Lmin" %) ata heating rate of 8 °Cmin~! in a tube furnace, then all
the biomass materials were processed using a temperature program-
ming method (pyrolysed for 2h at temperatures of 500 °C). The ob-
tained biochar were ground to below 0.15 mm and stored in an anae-
robic glovebox purged with N to avoid the effects of oxygen molecule
on the PFRs concentrations contained in biochar.

2.4. Degradation experiments

A series of degradation experiments were performed in 100 mL
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conical flasks consisting of 40 mL of reaction solution. Firstly, 20 mg
biochar was put into 39 mL aqueous solution of tetracycline (67.5 uM)
at pH 7.4 (20 mM phosphate buffer) at 25 °C. After complete mixing,
1.0 mL of 0.2 M H,0, (the final concentration was 5 mM) was promptly
added to start the reaction, and the mixtures were kept shaking at
150 rpm and 25°C in constant temperature bath oscillator (SHZ-88,
China) for different reaction times. The control experiments without
H,0, or biochar were conducted under the same reaction conditions. At
regular intervals, a fraction of samples were sacrificed for analysis and
filtered through 0.22 um nylon membranes, and 1.0 mL of ethanol was
added into 3.0 mL solution to stop the reaction. The concentration of
tetracycline was analyzed by an ultraviolet spectrophotometer (UV-
2600, Japan). The filtered biochar particles were collected and freeze-
dried by vacuum freeze dryer (Biosafer-10A, China), and then measured
by Electron Paramagnetic Resonance (EPR) to quantify the intensity of
its PFRs after reaction. To quantify the adsorption capacity of tetra-
cycline by biochar, the filtered biochar particles were also extracted by
ethylene glycol, and the recovery rate of TC was investigated. The re-
maining solution after reaction was filtered through 0.22pum nylon
membranes and then analyzed by Atomic Absorption Spectrometry (Z-
2000, Hitachi, Japan) to detect the concentration of metals released
from surface of biochar.

2.5. EPR measurements

The EPR spectra of biochar samples before and after catalysis re-
action were obtained at 25°C by a MS5000 (Germany), with a re-
sonance frequency of 9.45 GHz, microwave power of 27 mW, modula-
tion frequency of 100 kHz, modulation amplitude of 2.0 G, sweep width
of 100 G, a time constant of 98.22 ms, and a sweep time of 60.00 s. The
PFRs concentration contained in biochar was quantified by EPR using
an MgO standard sample tube doped with 1.01 x 10'° Cr®* /ecm®. The
peak-to-peak width (AH, ;) g-factor and g-factor of the EPR spectra
were obtained by simulating the EPR spectra with EPRstudio
(Germany).

The generation of ‘OH from biochar/H,O, suspensions was in-
vestigated by EPR spectroscopy coupled with 5, 5-dimethyl-1-pyrroli-
dine N-oxide (DMPO) as the spin-trapping agent. First, 20 mg biochar
was thoroughly mixed with 40 mL H,0, (5mM) solution at pH 7.4
(20 mM phosphate buffer, 25°C) and 2mL of reaction solution was
sampled at different time points as the reaction progressed. Then, 1 mL
of 0.2M DMPO was added into these reaction solutions immediately.
After sufficient reaction, these mixtures were filtered through 0.22 pm
nylon membranes and analyzed by EPR spectrometer. An aliquot of
5mM Potassium dichromate (K;Cr,0,) would also be added to the
mixed biochar/H,0, system under identical conditions to explore the
catalytic mechanism of biochar for H,O, activation. The EPR spectra
were obtained at 25°C by a MS5000 (Germany), with a resonance
frequency of 9.45 GHz, microwave power of 27 mW, modulation fre-
quency of 100 kHz, modulation amplitude of 2.0 G, sweep width of
100G, a time constant of 98.22 ms, and a sweep time of 60.00s. Peak
intensities of DMPO-OH were used as an index of the concentrations of
+OH and were measured by EPRstudio (Germany).

2.6. Characterization methods

An elemental analyzer (model EA1110, CE Instruments, Milan,
Italy) was used to analyze the elemental compositions (C, H, N, and O)
of samples. And the extractable metals (Ca, Mg, Fe, Zn, and Mn) of
samples were determined by Atomic Absorption Spectrometry (Z-2000,
Hitachi, Japan) following the acid digestion. In this process, (a) a
mixture of 5 mL HNOg3, 5 mL HF and 3 mL HCIO4 were added into 20 mg
biochar, (b) Hotblock: 90 °C for 40 mins, 140 °C for 60 mins, 170 °C for
40 mins, (c) diluted the products with ultrapure water to a volume of
100 mL [47,48]. The chemical indicators (COD, NH3-N, TP, and TN) of
real water used in this study were analyzed by automatic determinator
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Fig. 1. EPR spectra of biochar particles pyrolysed from three types of biomass
(pig manure, corn stalk and bamboo) at 500 °C for 2 h. Experimental conditions:
samples quality: PM500 = 20 mg, CN500 = 20 mg, BA500 = 20mg; T = 25°C.

(TR-408, China) while metals (Cd and Pb) in these water were also
determined by Atomic Absorption Spectrometry (Z-2000, Hitachi,
Japan).

In order to make the experimental data more accurate and reliable,
three parallel samples were prepared for each set of experiments and
each test was repeated for three times. All data would calculate stan-
dard deviation and standard error of the sample. If the deviation was
too large, it would be resampled until the deviation reaches a reason-
able range. Then, the arithmetic mean value of the sample data will be
used as the basis of subsequent experimental analysis, and the error bar
will be indicated in the graph through the confidence interval calcu-
lated by standard error.

3. Results and discussion
3.1. Effects of feedstocks on PFRs in biochar

The effects of the biomass types on the PFRs in biochar were ana-
lyzed by EPR spectroscopy. According to Fig. 1, there can be observed a
broad singlet EPR signal in three different biochar (derived from CN,
BA, PM) pyrolysed at 500 °C for 2 h, while no EPR signal could be seen
in these biomass without pyrolysis. These spectrograms were similar
with the EPR signals observed in pine needle-derived biochar according
to previous studies [29,30]. The g-factors and AH,_, were 2.0046 and
6.9 G for BA500, 2.0049 and 6.2 G for CN500, 2.0048 and 7.0 G for
PM500 (Table S1). Previous studies reported that the g-factors for
semiquinone radicals were larger than 2.0045, those for oxygen-cen-
tered radicals were larger than 2.0040; while carbon-centered radicals
with an adjacent oxygen atom had g-factors in the range of
2.0030-2.0040, and carbon-centered had g-factors less than 2.0030
[29,38]. The results observed in this study suggested that PFRs formed
in three types of biochar are representative oxygen-centered free radi-
cals where the unpaired electron is located on an oxygen atom. Similar
conclusions also can be found in previous papers which the g-factors
ranged from 2.0028 to 2.0037 with AH,,, of 4.5-6.8 G indicating that
all of these PFRs formed in pine needles biochar are carbon-centered
radicals or carbon-centered radicals with adjacent oxygen atom
[29,30]. The concentration of PFRs determined by EPR spectroscopy on
three different type of biochar were 7.94 x 108 spins-.g~* for BA500,
9.67 x 10'®spinsg~! for CN500 and 14.13 x 10'®spins;g™! for
PM500, respectively. These results indicated that biomass type has a
significant effect on the formation of PFRs in biochar.

Previous studies found that organic constituents may have a
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Fig. 2. Changes of PFRs concentration in biochar pyrolysed from the biomass
that extracted by Glycerol with different extraction time. Experimental condi-
tions: [PM] =8g/L; [CN]=28g/L;, [BA]=8g/L; [Glycerol] =40mM;
T =25°C.

significant influence on the formation of PFRs [49,50]. Organic com-
pounds such as phenolic compounds in biomass could be the crucial
factor to control the formation of PFRs in biochar, and phenolic com-
pounds were precursors of PFRs production [29,51-53]. Furthermore, it
was found that PFRs can act as an electron shuttle to mediate the re-
duction of metal ions [54-56].There are some reports revealed that
metals in biomass also contributed to the formation of PFRs in biochar
[30,51]. Hence, we presumed that the diversity about the contents of
organic compounds and metals in biomass may cause the difference of
the amounts of PFRs formed in the biochar produced from these ma-
terials, and the following experiment is to demonstrate it.

It has been reported that organic compounds, especially phenolic
compounds, in biomass would participate in the formation of PFRs in
biochar [30,51,57]. Glycerol is an efficient solvent to extract phenolic
compounds from biomass and will extract more amounts of phenolic
compounds with the longer extraction time [58]. Therefore, to further
demonstrate the role of phenolic compounds on the formation of PFRs,
three types of biomass were extracted by Glycerol with different ex-
traction time, and then these materials were used to produce biochar.
As shown in Fig. 2, the concentrations of PFRs in biochar decreased
rapidly from 7.94 x 108 spins.g ! to 4.62 x 10'®spins-g™! for BA500
within 6 min, from 9.67 x 10'®spins:g ™! to 3.67 x 10'8spins;g~* for
CN500 within 10min and from 14.13 x 10 ®spinsg™! to
6.89 x 10'®spins-g ™! for PM500 within 15 min, which suggested that
the extraction of Phenolic compounds from biomass significantly de-
creased the formation of PFRs in biochar and pig manure has the
highest content of phenolic compounds. At the same time, the ele-
mental compositions of three biochar samples that we determined by an
elemental analyzer were also consistent with this result. H/C molar
ratios can be analyzed to evaluate the degree of aromaticity of chars,
the decrease of H/C value was closely correlated to the formation of
higher aromatic ring structures in biochar [59,60], Table S2 showed
that the H/C molar ratios were 0.772, 0.695, and 0.606 for BA500,
CN500, and PM500, respectively, which means that PM500 has the
highest degree of aromaticity. The possible reason for this result could
be that most of PFRs converted from the Phenolic compounds in bio-
mass under pyrolysis process may have polyaromatic structures or
aromatic subunits [51,61].

EDTA can act as a chelating agent to remove the metals (e.g., Ca,
Mg, Cu, Fe, and Zn) from soils or carbon materials [62-64]. To
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Fig. 3. Changes of PFRs concentration in biochar pyrolysed from the biomass
that immersed by EDTA with different leaching time. Experimental conditions:
[PM] = 8¢g/L; [CN] = 8g/L; [BA] = 8g/L; [EDTA] = 120mM; T = 25°C.

elucidate the function of metals in the formation of PFRs, three type of
biomass were immersed in 120 mM EDTA solution, and then used to

produce biochar. According to Fig. 3, with the application of EDTA, the
-1

concentration of PFRs decreased sharply from 7.94 spins-g to
2.46spinsg”! for BA500 within 15min, from 9.67spinsg~! to
2.58 spins-g ! for CN500 within 30 min, and from 14.13 spins;g ™' to

3.81 spins-g ™~ ! for PM500 within 60 min, which means that the decrease
of metals content in biomass result in the remarkable reduction of the
concentration of PFRs in biochar. Surprisingly, we found that the de-
crease degree of the PFRs concentration in biochar produced from the
biomass immersed by EDTA is much greater than the biomass extracted
by glycerol. To verify this result, the EDTA solution after leaching ex-
periment has been detected by high performance liquid chromato-
graphy (HPLC) and there were no obvious peaks of phenolic com-
pounds in the test result. Previous papers found that the PFRs can be
formed from organic compounds (e.g., phenols, chlorobenzenes) ab-
sorbed on metal oxide surfaces under combustion conditions through
the mechanism of electron transfer from organic compounds to metals
[37,39,40]. Therefore, we believe that the possible reason for this result
is that metals in the biomass play a vital role in the formation of PFRs in
biochar. The main part of PFRs might be a metal-organic combination
formed by the combination of organic groups and metal center during
the process of the electron transfer from organic compounds to metal
oxide. In the process of the formation of PFRs, metals may play a role in
accepting electrons and connecting the components of PFRs, while
phenolic compounds would lose electrons and become a part of PFRs. It
has been reported that PFRs formed in combustion products were sta-
bilized by their interaction with the metal oxide domain surface and
thus different metal oxides can influence the half-lives of PFRs due to
the different strength of the interaction [65]. The half-lives of PFRs
formed on ZnO ranged from 3 to 73 days which were much longer than
Fe,03 (24-111h) and CuO (27 to 74 min) [37-40]. Hence, the amount
of organic compounds in biomass determined the concentration of PFRs
in biochar, while metal is a crucial factor in the formation of PFRs.
Consequently, the proposed mechanism for the formation of PFRs in
biochar from the pyrolysis of biomass was depicted in Scheme 1. Table
S2 showed that the metal content of three kinds of biomass measured by
Z-2000, while pig manure has the highest total metal content. This
result was coincided with the phenomenon suggested in the Fig. 3,
which the concentration of PFRs in PM biochar has the biggest decline
compared to the other two biochar with the longer leaching time.
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Scheme 1. Proposed formation mechanisms of PFRs in biochar and the degradation of TC in biochar/H,0, system.

3.2. Catalytic performances in biochar/H»0, systems

To further demonstrate the catalytic ability of biochar for H>O,
activation, the degradation of TC was studied. Fig. 4a showed that the
degradation efficiency of 30 mg/L TC was 100% for PM500/H,0,, 96%
for CN500/H,0,, 87% for BA500/H,0,, 74% for PM500-Glycerol-
30 min/H,0,, and 38% for PM500-EDTA-2 h/H,0, respectively. Op-
positely, only 12.3%, 14.6%, 11.7%, 15.3%, or 17.2% of TC was re-
moved in the corresponding system without H,O,, which was due to the
adsorption in biochar. Besides, less than 23% of TC was degraded in
control experiments without biochar. The degradation of TC can be
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described by following equation,
[TC] = [TClyeobst

where ks is the pseudo-first-order rate constant, [TC], is the initial
concentration of TC, and [TC] is the concentration of TC at reaction
time t. Hence, ks can be calculated through the linear regression of
plot of In([TC]/[TCl,) against time t. According to Fig. 4b, kops were
0.005 min~? for PM500-EDTA-2 h/H,0,, 0.006 min~*' for PM500-Gly-
cerol-30 min/H,0,, 0.008 min~! for BA500/H,0,, 0.011min~ ! for
CN500/H,0,, 0.021 min~' for PM500/H,0s, respectively. These re-
sults indicated that the biochar/H,0, systems can efficiently degraded
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Fig. 4. Degradation efficiency of TC (a) and pseudo first-order fitting for TC degradation (b) in the different biochar/H,O, systems. Reaction conditions:
[H205]p = 5mM; [TC]o = 67.5uM; [PM500] = 0.5 g/L; [CN500] = 0.5 g/L; [BA500] = 0.5 g/L; [PM500-EDTA-2h] = 0.5 g/L; [PM500-Glycerol-30 min] = 0.5 g/

L; T = 25°C; pH = 7.4 (20 mM PBS).
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TC, but the catalytic ability of different biochar samples varied greatly.
PM500 possesses the highest catalytic capacity, while PM500-EDTA-2 h
has little effect on the activation of H,O,. The results of TOC mea-
surement also provide a support to this conclusion. It can be observed
that about 67% of organic pollutants were removed in PM500/H,0,
system after 4h reaction (Fig. S1), indicating the high removal effi-
ciency of organics while only 13% of pollutants were adsorbed. Besides,
there was no existence of metals observed in the remaining solution
after degradation reaction indicating that metals bound tightly with
other structures of biochar and would not cause secondary pollution
through released from surface of biochar.

The stability of the catalyst is an important issue that should be
considered before actual application, while reusability is a common
indicator for evaluating the stability of materials. As shown in Fig. S2,
four-cycle experiments were utilized to explore the reusability of bio-
char/H,0, systems for the removal of TC. It was found that three types
of biochar all exhibited good reusability while PM500 performed best.
Original PM500 could achieve the complete removal of TC in 3 h re-
action, and it demonstrated great reusability by providing 98.2% TC
removal efficiency in the 2nd run. Moreover, 86.3% and 74.5% of TC
were removed in the 3rd and 4th runs, respectively. Many metal cata-
lysts usually possessed poor reusability in spite of its high catalytic
performance. In contrast, biochar with higher stability have more de-
velopment potential.

3.3. Reactive species generated in biochar/H,0, systems

It has been well established that pollutants can be degraded by the
radicals generated from the activation of HO, in the Fenton/Fenton-
like process. In order to further explore the reaction mechanism, the
dominant radical that contributes to the degradation of TC was iden-
tified by free radical trapping experiments. In this paper, isopropyl al-
cohol (IPA) was utilized for hydroxyl radical (-OH) scavenger and 1.4-
benzoquinone (BQ) was used for superoxide radical (O5") scavenger
[13]. According to Fig. S3, addition of 5mM BQ caused a slight de-
crease in the degradation rate of TC in three types of biochar/H,0,
systems, indicating that O, “only had a little effect in SMT degradation.
However, 5mM IPA had a significant influence on the TC degradation
since the degradation rate of TC in PM500/H,0, system decreased
dramatically from 100% to 53.14% with the addition of IPA. Same
tendency also can be found in other two systems. These phenomenon
revealed that -OH was the dominant radical in biochar/H,0, systems
and played a key role in the catalytic process.

To further demonstrate that biochar have the ability to catalyze
H-0,, the activation of H,O, with different biochar was studied by
using EPR spectroscopy coupled with DMPO as a spin-trapping agent.
This technique can detect the generation of -OH, which are reportedly
contributed to the degradation of contaminants in the Fenton-like
system. According to Fig. 5a, 5mM H,0, mixed with 0.2 M DMPO re-
sulting in the formation of DMPO-OH signals (four lines, 1:2:2:1). These
signals were identified from the hyperfine splitting constants (DMPO-
OH: ay = ay = 15.03 G) analyzed by EPRstudio software. The results
suggested that there was a small quantity of -OH generated in H,0,
solution without biochar, and their peak intensities (DMPO-OH) were
964 au. However, after the addition of 0.5 g-L’1 PM500, the peak in-
tensities of DMPO-OH increased sharply to 5635 au, indicating that the
addition of PM500 promoted the generation of -OH in PM500/H50,
system. Moreover, there was no DMPO-OH signal observed in biochar
suspensions without H,O5 These results suggested that PM500 can ef-
ficiently activate H,O, to produce -OH and the other two biochar
(BA500, CN500) have the similar ability. As shown in Fig. 5b, the in-
tensity of DMPO-OH signals formed in the biochar/H,0, system fol-
lowed this order: PM500 > CN500 > BA500.

The concentrations of -OH and the activation ability of biochar in
the biochar/H,0, system can be indicated by the peak intensities of
DMPO-OH. As shown in Fig. 6a, the peak intensities of DMPO-OH with
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different reaction time were determined. The results suggested that the
peak intensities of DMPO-OH increased rapidly to 2144 au for BA500
within 5 min, to 3375 au for CN500 within 7 min and to 5562 au for
PM500 within 10 min and remained steady as the reaction time ex-
tended to 30 min. According to Fig. 6b, the peak intensities of DMPO-
OH in PM500-Glycerol-30 min/H>0, and PM500-EDTA-2 h/H,0, were
much lower than in PM500/H,0,, which indicated that biochar pro-
duced from the biomass treated by Glycerol and EDTA was less reactive
than biochar without treatment for H,O, activation. Moreover, it was
found that there is a significant decrease in the concentration of PFRs in
biochar after reaction with H,O5 for 30 min (Fig. 6¢), which revealed
that the PFRs were consumed during the activation process.

3.4. Possible catalytic mechanism of biochar for H,0, activation

Results of correlation analysis (Text S1) among PFRs, -OH genera-
tion, and TC degradation in biochar/H,0, systems demonstrated that
PFRs play a key role in the process of activating H,O, by biochar to
produce hydroxyl radicals for the degradation of tetracycline (Fig. S4).
It has been well established that PFRs can transfer electron like electron
shuttles. For instance, Dellinger found that the superoxide radical ion
can be formed through electron transfer from PFRs existed in com-
bustion products to molecular oxygen [65]. The redox ability of biochar
also has been analyzed with electrochemical methods, and found that
biochar can cause the electron transfer between iron oxide and bacteria
[54,55]. Therefore, it was speculated that the catalytic mechanism of
PFRs in biochar for H,O, activation may follow electron transfer
pathways that can be described in Scheme 1. Subsequent experiment
can be used to demonstrate this electron transfer mechanism. Many
previous studies used K,Cr;0, to explore the electron transfer process
in reaction system due to its efficient ability to remove electrons
[66-68]. In this study, KoCr,0, was used to investigate the catalytic
mechanism of biochar for H,O, activation. According to Fig. 7a, peak
intensities of DMPO-OH were significantly decreased with the addition
of 5mM K,Cr,05, indicating that the formation of DMPO-OH was in-
hibited. Previous studies demonstrated that the reaction between
DMPO-OH and K,Cr;0; can be ignored [69,70]. Hence, this result re-
vealed that the generation of -OH was greatly suppressed. As shown in
Fig. 7b, the concentration of PFRs in biochar was markedly decreased
from 14.13 x 10'® to 4.37 x 10'®spins-g~ ! for PM500, 9.67 x 10'® to
3.39 x 10'®spinsg™!  for CN500, and 7.94 x 10'® to
2.96 x lolgspinsg_1 for BA500 with the addition of K,Cr,O,. These
decrease degree were much greater than the decline tendency of the
same systems where H,0, is existed, which indicated that K;Cr,O,
possesses the stronger ability to capture electrons than HyO,. The
reason for the suppressed generation of -OH could be that the electron
transfer pathway from PFRs to H,O, was cut off by K,Cr,0,. Therefore,
the electron transfer pathway from PFRs to H,O, may be the catalytic
mechanism of biochar for H,O, activation. Nonetheless, more studies
should be conducted to further explore the possible reaction mechanism
in biochar/H,0, systems.

Linear sweep voltammetry (LSV) (Text S2) was also conducted to
explore the electron transfer process for the better elucidation of the
proposed catalytic mechanism of biochar. It can be observed that there
was tiny current response in the electrolyte containing H,O, when bar
GCE acted as the working electrode (Fig. 8), which demonstrated that
electron transfer at the GCE electrode interface was very slow. The
reason for this phenomenon could be attributed to the high resistance of
GCE electrode [20]. Compared with original GCE electrode, PM500-
GCE possessed better electrical conductivity due to the bigger current
response appeared in the electrolyte when PM500-GCE electrode ex-
isted alone. What is more, the current response in the electrolyte in-
creased significantly with the addition of H,O, when PM500-GCE acted
as the working electrode, revealing the enhanced reaction and rapid
electron transfer between H,O, and PM500. The addition of TC also
promoted this process which may be attributed to the consumption of
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(20 mM PBS).
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reactive radical. These results provided a good support to the proposed
catalytic mechanism of biochar.

3.5. Degradation intermediates and pathways of the TC

To fully understand the degradation process of TC in biochar/H>0-
systems, LC-MS analyses (Text S3) were conducted to identify the oxi-
dation products of TC in PM500/H50, system. As shown in Fig. S5, MS
spectra of the TC and its degradation intermediate at a different reac-
tion time have been obtained. There were six main degradation inter-
mediates of TC (m/z 445.2), which included TC 1 (m/z 461.2), TC 2 (m/
2 362.6), TC 3 (m/z 416.5), TC 4 (m/z 398.3), TC 5 (m/z 225.1), and TC
6 (m/z 284.2). According to the detected intermediate products and the
results of free radical trapping experiments, possible degradation
pathways of TC were proposed and elucidated in Fig. 9. In general, TC
molecular could be attacked by -OH and O,~, while :OH was the
dominant reactive radicals. TC 1 was formed through the hydroxylation
of TC molecular attacked by -OH. Then, TC 2 could be produced as the

360

product ions through the rupture of carbon chain in the hydroxylated
product (TC 1) [4]. TC 3 was formed through the detachments of N-
methyl and amino group in TC molecular caused by O, ™ and it could
further transform to TC 4 via dehydration reaction [71]. With the
progressed reaction, TC 2 and TC 4 could be further oxidized and ring-
opened, which led to the appearance of TC 5 and TC 6 [71]. These ring-
opening products would finally be oxidized into CO, and H,O.

3.6. Effects of the TC adsorption on biochar/H,0, systems

The degradation and adsorption of TC were coexisted in biochar/
H,0, systems. Therefore, it was necessary to study the interaction be-
tween the adsorption of TC and the catalytic reactivity of biochar to-
ward H,0,. Before the addition of H>O,, biochar was used as an ad-
sorbent to adsorb TC for different time. As expected in Fig. S6, both the
degradation of TC and the DMPO-OH intensity were decreased sig-
nificantly with the extended adsorption time. Previous work demon-
strated that s—rt electron-donor-acceptor interaction and other physical
chemistry reaction processes occurred on the surface of chars during TC
adsorption [44]. TC molecules that adsorbed to the surface of biochar
and entered into the pore structure of biochar may cause the in-
activation of surface reactivity and the blocking of the pore, which
could weaken the electrons transfer ability of biochar and decrease the
active sites on the surface of biochar. Thus, the accessibility of H,O, to
biochar was impeded as the adsorption time extended, leading to the
inhibited degradation of TC.

3.7. Real wastewater application

It is necessary to explore the application of biochar/H»>0, systems in
real wastewater. The composition of actual wastewater is extremely
complex compared to ultrapure water. Thus, there were great differ-
ences existed in pollutant removal efficiencies between simulated
wastewater and actual polluted wastewater. For this purpose, the de-
gradation of TC in PM500/H,0, system with four types of water was
studied, which included ultrapure water, tap water (Waterworks,
Changsha), river water (Xiangjiang River, Changsha), and municipal
wastewater (Changsha 3rd sewage treatment plant, China). As shown in
Fig. S7, the TC removal efficiencies in PM500/H,0, system with dif-
ferent water within 4 h were 100% for ultrapure water, 100% for tap
water, 95.4% for river water, and 83.7% for municipal wastewater,
respectively. Tap water produced from waterworks in Changsha was
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Fig. 9. Suggested degradation pathways of TC in PM500/H,0, system.

sterilized by chlorine, which would generated free residual chlorine
(ClO7, HCIO, and Cl,, etc.) with strong oxidizing property. The tap
water used in this study was detected by residual chlorine comparator
(CL1600, China), and found that there was about 0.02 mg/L free re-
sidual chlorine in this water (Table S3). These free residual chlorines
still have a slight inhibition on the TC degradation rates in PM500/
H-0, systems in spite of its small quantities (Fig. S7). As present in
Table S3, The river water contained small amounts of metals and ni-
trogen and phosphorus organic compounds while there were abundant
organic matters existed in municipal wastewater. All of these compo-
nents would be adsorbed on the surface of PM500 in the activation
process of H>O» by PM500 [27,72]. The results of real wastewater
application experiments suggested that the TC degradation rates de-
creased lightly in river water while there was a remarkable decrease of
the TC degradation rates observed in municipal wastewater (Fig. S7).
This phenomenon revealed that PM500 possessed good stability which
adsorption of a small amount of other pollutants has little effect on the
catalytic capacity of PM500. However, high amounts of organic pollu-
tants coexisted in the environment would cover the active site of
PM500 through adsorption and could even compete with TC for -OH,
causing the lower removal of TC in municipal wastewater. These results
indicated that PM500/H,0, system possessed a great potential for
practical treatment of real wastewater and exhibited good versatility
which can efficiently work in complicated condition.

4. Conclusions

In summary, three types of biochar (PM500, CN500, and BA500)
possessed good stability and exhibited excellent catalytic ability to ac-
tivate H,O, so that it can produce -OH to efficiently degrade TC. It was
found that PFRs played an essential role in the catalytic performance of
biochar. Biochar with higher concentration of PFRs had more active
reactivity, while the more amounts of PFRs consumed during the re-
action, the more amounts of -OH generated in biochar/H,0, systems.
The possible catalytic mechanism of biochar was the electrons transfer
pathways from PFRs to H,O,. The adsorption of TC on biochar could
hinder the active site of the reaction between PFRs and H,O5 so that the
degradation of TC was suppressed in biochar/H,O, systems. Similar
phenomenon was also observed in real wastewater application.
Additionally, the results indicated that the concentrations of PFRs in
biochar markedly decreased with the reduction of the content of phe-
nolic compounds (e.g., phenol, chlorophenol) and metals (e.g., Ca, Mg,
Cu, Fe, and Zn) in the feedstock, and the influence of metals on the
formation of PFRs was greater than phenolic compounds. It was in-
ferred that metals, like a central skeleton, can connect the parts of PFRs
by chemical bonds, while phenolic compounds or specific organic
compounds may constitute the PFRs and its amount can determine the
concentration of PFRs. Therefore, the difference of the components of
phenolic compounds and metals in biomass can affect the amount of

PFRs formed in biochar that pyrolysed from these biomasses and have a
great influence on the catalytic ability of biochar for H,O, activation.
The biomass with more appropriate organic and metal ratios may
produce biochar with better catalytic properties. The findings of this
study make a better interpretation about the formation mechanism of
PFRs in biochar and provide a new insight into the selection of feed-
stock that can produce more efficient biochar. In addition, specific
function of single metal elements on the formation of PFRs in biochar
and the most suitable ratio of organic compounds and metals in biomass
will require further study in the future.
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