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Abstract

Recent years, application of biochar in catalysis field has attracted increasing
attention for it is an effective, inexpensive and environment friendly methods to solve the
environmental issues. The aim of this work is to apply bone char (BBC) into persulfate
(PS) activation system and achieve efficient 2, 4-dichlorophenol (2, 4-DCP) degradation.
This work first applied de-fatted swine bone as the biochar precursor. The as-prepared
BBC has considerable high surface area (1024.34 m?/g) and wide porous distribution.
Especially the hierarchical porous structure is supposed t C te the electrons
transfer in this catalytic process. The results showed that o of 2, 4-DCP can be
removed in 30 min and almost 100% of 2, 4-DCP be completely degraded in 2 h.

Further research found that 2, 4-DCP was eli y both radical and non-radical

nat &ytic process in BBC/PS system. "OH,
S04, 02" and '0; all contribute@

pathway, and radical pathway domi

stem, among which the "OH played the most
significant role. Liner Sw Itammetry (LSV) and electrochemical impedance
spectroscopy (EI r@ to verify the non-radical pathway did exist in this system.
Owing to the existen§e of multiple mechanisms, the BBC/PS system remained highly
efficient in real surface water and it had remarkable adaptability to various environment
conditions. This research commits to proposing a novel strategy for green remediation of
contaminated water.

Keywords: Advanced oxidation process; Bone char; Persulfate activation; 2,4-

dichlorophenol; Degradation



1. Introduction

As a typical phenolic compound, 2, 4-dichlorphenol (2, 4-DCP) is widely existed in
our daily life [1]. It is mainly produced by oil refineries, coal industry and chemical plants.
Generally, 2, 4-DCP serves as the precursor of herbicide, and it enters the environment
through soil infiltration or wastewater discharge [2]. Besides, it can damage the nervous
system and even cause death. Considering its universality and toxicity, 2, 4-DCP, as a
refractory pollutant in aquatic environment, needs to be controlled efficiently.

Advanced oxidation processes (AOPs, includin atalysis  [3-8],
electrocatalysis [9] and Fenton oxidation [10, 11], ozonation .) are recognized as
potential approaches to degrade 2, 4-DCP. Sulf: adical (SO4") generated from
persulfate (PS) activation process is regarde@ cfficient one, which has been

extensively studied [13]. SO4™™ has a rggpar edox potential (1.8-2.7 versus 1.5-2.8

V NHE of hydroxyl radical) and -lifetime (30-40 ps versus 20 ns of hydroxyl
radical) [14], which can de@rganic pollutant into CO2, H>O and inorganic salt.
Besides, SO4™" cNgLyP reactivity, it shows a higher reactivity for phenolic
compounds, such as 34-DCP [15].

Activator is the key in PS activation system. Typical carbonaceous materials have
been applied in PS activation system, which is an economical approach with no need of
any external energy supply [16] and avoids the risk of metal leaching [13, 17]. PS has
been reported being activated by typical carbon materials such as single-walled carbon

nanotubes, graphene and nano diamonds [18]. Previous studies demonstrated that surface

area, defect structure and surface functional electron-rich groups are the primary
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influencing factors of catalytic effect of carbonaceous materials [19, 20]. Generally,
heteroatomic doping (including N, B, O, P, S, etc.) [21, 22] and metal introduction [23]
are the common methods to enlarge catalytic regions. Duan’s group reported that the
doped of nitrogen could accelerate the catalytic rate of reduced graphene oxide from
0.004 min"' to 0.391 min™' [24].Dong’s group verified that the methylene blue (MB)
degradation climbed from 39% to 99% after 5 wt. % CoO was added into mesoporous

carbon nitride materials. Although the carbon nanomaterials mentioned above have been

verified to have good catalytic activity, the limited source, compl esis process and
further environmental risks hinder the further application o terials.
Biochar is a carbon-rich solid originates fro yrolysis of biomass, which is

regarded as a green carbonaceous material fo@ ¢ design and low cost [25, 26].

Recently, biochar has received great :nc # the field of environmental catalysis
a

because it has adjustable speciﬁ%

groups. Up to now, plants S\@amboo, wood and pine needle derived biochar have

been applied as c%@ activation system. Moreover, sludge derived biochar as a

catalyst has also been§epeatedly reported [27-29]. Whereas, conventional biochar which

rea (SSA) and a mass of surface functional

was employed in PS activation system usually requires modification to achieve expected
catalytic effect [30, 31]. Guo and co-workers reported that the removal rate of
sulfamethoxazole soared from 23% to 99% when the biochar was decorated by Fe(lll)
and nitrogen [32]. Nevertheless, the decorating process not only increases the cost and
time of materials synthesis but also brings the risk of heavy metal leaching. Hence, it is

urgent to find a brand-new and environment friendly raw material of biochar to achieve
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efficient activation of PS.

In recent years, bone derived char has gained increasing attention for its special
surface character, pore volume, porous size and surface charge distribution. In this study,
animal-derived char derived by swine bone was first introduced in PS activation system
[33, 34]. Because of the natural structure and composition of bone char (BBC), it was
assumed to be effective in PS activation system. Bone obtains nature stable structures at
many length scales which can enlarge the SSA of BBC, and it may bring strong adsorption
capacity to BBC [35]. It is widely recognized that the adsorptign¥r is important for
catalytic system. Furthermore, bones are composed of organ unds and minerals.
The protein and collagen in bone act as carbon precu nd the nature minerals can work
as the self-template for BBC. Meanwhile, hydr: e and calcium phosphate, as the
basis of bone, could be the phos &ing precursor. On account of the
comprehensive influence of natu@ organic matters pyrolysis, as-prepared bone
char could obtain a hierarchfgal pgrous structure. Note-worthily, Huang and co-workers
have used swine ﬁ @ursor of electrocatalytic electric double-layer capacitors,
and they believed thafhe hierarchical porous structure could accelerate electron transfer
[36]. This feature is supposed to be valid in non-radical pathway for PS activation system.
In addition, the yield of swine bone is large. Owing to the sustained expanding of China
and U.S, global production of pork is predicted to climb 1% to 114.6 million tons in 2019
(USDA, 2018). Moreover, as a by-product of pork, swine bone was generally classified
as kitchen waste, and the long-term degradation limited the application of bone in

compost. The usage of swine bone is also a kind of way to achieve waste reused. In
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summary, BBC is a promising candidate for PS catalysis.

In this research, de-fatted swine bone was the precursor of biochar to realize efficient
decomposition of 2, 4-DCP in PS activation system. The objectives of this research were
to: 1) raise a new strategy to activate PS by BBC and determine the efficiency of this
treatment; ii) explore the mechanism of BBC/PS system; iii) investigate the influence
factors of this system and apply it to real water.

2. Materials and methods
2.1 Chemicals and synthesis

All chemicals were reagent grade and applied as recet bone char-derived
hierarchical porous carbon was prepared by the py is of de-fatted swine bone. The
spareribs were purchased from a local marke@n a, China). For simulating the

condition of swine bones in kitchen waste, ere dried out after cooking. Cooked

bones contain relatively less gre@
furnace during pyrolysis pro@o lected bones were first carbonized by tuber furnace

in the N2 atmosp a C. After grinding, pre-carbonized particles were further

1s beneficial to avoid the blockage of tuber

carbonized at 900 °C¥§amp at 5 °C/min and hold for 2 h). The product was soaked in 150
mL of HNO3 (6 M) for 12 h, then rinsed with deionized water to neutral and dried at
110 °C for 12 h. The obtained material was labelled as BBC.
2.2 Characterization

The scanning electron microscope (SEM, JSM-6700F) furnished with energy
dispersive X-ray spectrometer (EDX) was applied to explore the morphological

characteristics and elements distribution of BBC. The SSA, nitrogen adsorption-

6



desorption isotherm of BBC and other porous properties were measured by Brunauer-
Emmett-Teller (BET) gas adsorption isotherm with N> gas on Quantachrome Autosorb
AS-1. X-ray photoelectron spectroscopy (XPS) and Raman spectra were measured to
detect the constituent elements and structure of BBC. The surface functional groups of
BBC were performed on a Fourier transform infrared spectrometer (FT-IR).
2.3 Persulfate activation reaction

All batch experiments were carried out in the beaker of the same size at room
temperature. For the uniform distribution, shaking rate wag Rgcpgemg at 500 rpm on
magnetic stirrers. An hour adsorption was taken to identify t of the adsorption
process on the abasement of 2, 4-DCP. Specifically. C was first dispersed into the 2,

4-DCP (0.2 g/L) solution, and the absorption e UM was achieved after 1 h shaking.

Secondly, the equally weighted PS & added into the above solution, and
catalytic oxidation started. At ea%

the samples were filtered by@m nylon filter and propriety amount of methanol was

used to quench th%@cal reactions. The amount of PS and BBC was adjusted to

find the relatively efff§ient dosage. The pH of solution was adjusted by 0.1 M HNOs or

ined interval (5, 10, 30, 60 and 120 min),

0.1 M NaOH. NaCl was chosen as the additive of CI" to investigate the influence of
different Cl” concentration. After each run, BBC was washed by ultrapure water and ethyl
alcohol for 3 times respectively, then dried at 60 °C, the stability tests were achieved by
collecting these dried BBC. In order to further explore the role of radical in this system,
several radical scavengers were chosen to quench the radical reaction. As it has been
reported, both ethanol (EtOH) and tert-butyl-alcohol (TBA) could scavenge SO4"~ and
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"OH, while benzoquinone (BQ) and NaN3 were generally employed as scavenger of O2™~
and 'Oz respectively. All measurements were taken in duplicate or triplicate. The variation
of each parameter was less than 5%, and the data represented as the mean values.

The reaction was also taken in real water. The surface water samples were collected
from Xiangjiang River and Taozi Lake (Changsha, China). The Xiangjiang River is a

tributary of the Yangtze River and Taozi Lake is at the foot of Yuelu Mountain.

2.4 Analytical methods

Agilent 1200 high performance liquid chromatography wit olumn (5.0 um,
4.6 mm x 250 mm) was applied to measure the concentratio DCP. The flow rate
of mobile phase was set as 1 mL/min, while methan, d water (60:40, v/v) constituted

the mobile phase. The gas chromatography cr@ mass spectrometry (GC-MS)

(Shimadzu QP-2010 Ultra instrument vl column (30 m x 0.25 nm x 0.25 pm))
was used to analyze the dechlori@ ess of 2,4-DCP. The temperature ramp was:
40 °C for 2 min, 12 °C/min @O C, 10 °C/min up to 200 °C, 20 °C/min up to 260 °C

and hold time 2 I@erature of the inject port, ion source and transfer line was

250, 230 and 280 °C,Nespectively. The column was heated to 35 °C and the UV detector
set at 284 nm. Liner Sweep Voltammetry (LSV) and electrochemical impedance
spectroscopy (EIS) were analyzed on a CHI760E electrochemical workstation to confirm
the effect of non-radical reaction in BBC/PS system. The LSV test was measured in 20
mM phosphate buffer (pH = 7) containing PS or 2,4-DCP, while the EIS was taken in 0.1

M KClI containing S mM [Fe (CN)s*7#7]. The electron spin resonance analysis (ESR) was

implemented on a Bruker ER200-SRC, which was employed for examining the generated
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radicals. 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was chosen as a trapping agent to
identify radicals. The SO4"~ and "OH were detected in deionized water and O>"~ was
detected in methanol circumstance.
3. Results and discussion
3.1 Morphological characterization

The morphological characterization of BBC was revealed by SEM (Fig. 1, a-b). It is
obviously that the BBC has different size of aperture and layered structure. The surface
element composition was detected by SEM equipped with E Fi c-f). The result
showed that BBC containing carbon, oxygen, phosphorus um, moreover, the
weight percent of these elements are 8§1.49%, 14.8 2.42% and 1.24% respectively
(Fig. S1). The phosphorus and calcium were@ ue of hydroxyl apatite and all

elements evenly distributed throughout

The information given b T adsorption/desorption data attested the
possession of hierarchical p@r on in BBC. As shown in Fig. 2a, the distinct typical
IV hysteretic loo ea existing of slit pores, and the scale of pore distribution is
large (density functioRal theory (DFT) model was applied). It is widely accepted that the
coexistence of different aperture can not only shorten the distance of electron transfer but
also diminish the resistance [36]. The BBC possesses a myriad of micropores, which
might be biggest contribution to the high surface area (1024.34 m?/g). The high surface
area and large range of pore distribution not only enhance the pollutant adsorption, but

also facilitate the electron transfer process [37], which is conducive to non-radical

reactions.



Fig. 1 SEM images (a-b) of BBC in different scale, and corrgs ents mappings

of C, O, P and Ca (c-f).

Cursory structure of BBC was explored b: t @ an spectrum (Fig. 2b). Peaks

occurred at 1350 cm™ and 1580 cm™ arc@Cri the defects and graphite structure

respectively. The intensity ratio of t Q\ peaks (Ip/lg) represent the disorder degree

of carbon materials, and the &C s 0.928. It has reported that pyrolysis process
tQ

could bring defective eqes 1ochar boundaries, which terminated with functional
group containing o r hydrogen [38, 39]. The appearance of 2D around 2700 cm’!

indicates the characteristic of few layers graphite structure, which was in line with the

information presented in Fig. 1a and Fig. 2a.
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Fig. 2 (a) The nitrogen adsorption/desorption isothggms of B (b) the corresponding

pore distribution curve of BBC; (¢) the Raman siec % BBC.

3.2 Catalytic performances

For investigating the contributio % orption in BBC/PS system, a 1 h adsorption
process was designed. Accords @exerimental data, 0.2 g/LL BBC could adsorb 35%
of 2, 4-DCP (0.2 g/lL) 1 #3). The adsorption could achieve by both physics and
chemistry process. ecific, the adsorption capacity might owe to the high surface
area and the surface functional groups. Furthermore, when the 2, 4-DCP solution mixed
up with PS (2 g/L) without BBC, the concentration only decreased 7% after 2 h reaction.
The effect of the PS dosage was presented in Fig. 3a. The change of PS dosage has
little influence on the degradation when the BBC dosage was controlled at 0.2 g/L.
Specifically, after 2 h catalysis reaction, the 2, 4-DCP could be removed from 95% to 100%

(below the detection limit) when the PS dosage climbed from 0.25 to 4 g/L. However,

with the increase of BBC dosage, the reaction rate sharply enhanced. The 2, 4-DCP could
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be totally wiped off in 90 min when the BBC increased to 0.5 g/L. Besides, comparing
with our published research, BBC could realize similar degradation efficiency with CMK-
3 [40]. However, BBC is more economical and environment friendly. Considering that
the sulfate ions would bring corrosion problem to pipeline in urban water system [41],
and the skyrocketing cost caused by overloading PS. PS dosage should be controlled at a
relatively low level. Although 2 g/I. PS was used in this study, it is worth noting that in
order to save PS input cost in practical applications, even if the PS dosage was reduced
to 0.5 g/L, the same removal effect can be achieved but with reJay oW reaction rate.

For further understanding of the kinetics of this cataly jon, the degradation
curve was fitted by the Langmuir-Hinshelwood | of pseudo-first-order kinetics

based. The results presented high regressmn co ents. It meant that the reaction taken

in this system is the first order. kops W s the pseudo-first-order rate constant,

and it was acquired by linear reg

q. (1).

G

In (&) = ot M)

()
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Fig. 3 The influence of (a) PS dosage and (b) BBC dosage on 2, 4-DCP degradation, the
insert showed corresponding change of pseudo-first-order rate constant. (the PS

concentration was controlled at 2 g/L, the BBC concentration was controlled at 0.2 g/L)
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Experimental conditions: [2, 4-DCP] = 0.2 g/L, [Temp] =298 K.

The information given by Fig. 3b illuminating that the ks soared from 0.006 to
0.0691 min"! when the BBC dosage raised from 0.1 to 0.5 g/L. Previous reports showed
that the active sites (oxygenic groups, defect structure, etc.) played an important role in
PS activation system [42, 43]. In BBC/PS system, the increase of active sites provided by
BBC was accompanied by the soar of reaction rate, which further verified this conclusion.
In Fig. 3a, within the change range of PS dosage, the k.»s was relative stable and it finally
increased to 0.0404 min™! when 4 g/L of PS was added. To gd&e e dechlorination
process of 2,4-DCP in BBC/PS system, GC-MS was applie wn in Fig. S2, 2,4-
DCP dechlorinated through three pathways. The em intermediate products (such as
phenol, benzoquinone, chlorohydroquinone, e@e cd to illustrate this conclusion.

Besides, the degradation of 2,4-DCP wgg Tu erified.

Reaction temperature and p € er investigated as the effect factors (Fig. 4).
For the aim of emphasizing@\ction of temperature condition in chemical process,
the concentration , 4-DCP in 2-hour-catalysis at different temperatures were
recorded. The reactidy rate increased steadily with temperature. Furthermore, without
adjustment, the initial pH of 0.2 g/L 2, 4-DCP was 5.15, and the pH was declined to 2.81
after 2 h activation. The impact of different solution initial pH was from 3 to 9 (2, 4-DCP,
pKa=7.85). The experiment results expressed that BBC/PS system exhibited great

adaptability within the initial pH adjustment range. However, the optimum initial pH of

this system is weak acidic condition.
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Fig. 4 (a) The effect of temperature on the 2, 4-DCP degradation; (b) The effect of initial

pH on the 2, 4-DCP degradation. [2, 4-DCP] =0.2 g/L, [PS] =2 [BBC]=0.2 g/L.

3.3 Stability tests

Stability is an important characteristic to cagalysis. Th&\stability test can give

information about the mechanism of this system. les were taken to investigate

the stability of BBC (Fig. S3). The reactioftfic f 2, 4-DCP sharply decreased to 70%

between 3rd run an . Consequently, we proposed that there might be a route could

operate steadily and not affect by the change on BBC surface [29]. The relatively weak
stability may owe to following two reasons: 1) porous was blocked after adsorption
process; 2) the inactivation of active site after 1st run.

The variation of BBC surface could be reflected by the XPS survey (Fig. 5b).
Comparing with initial BBC, the amount of O in reacted BBC increased from 11.63% to
17.51%. In addition, the existence of Cl on BBC after activation was verified by the peaks

located at 200 eV and 270 eV, it is a strong evidence of the dechlorination of 2, 4-DCP.
15



Additionally, XPS and FTIR have been used for revealing the surface change of BBC
before and after reaction. As for the FTIR spectra of BBC, bands centered at 3421, 2372,
1643, 1388 and 1070 cm™! could be observed from Fig. 5a. The bands at 3421 cm™! and
2372 cm’! were characteristics stretching of O-H and -CHa. The band at 1643 cm™ was
assigned to C=0, and the vibration of C=C could be recognized at 1388 cm™!, the band at
1070 cm™ was identified as the characteristic vibration of C-O. After reaction, the band
representing the vibration of C=C visibly cut down, while the vibration of C=O (the band
at 1643 cm’') strengthened. It might owe to the change of th ive amount. For

verification, XPS high resolution scan of BBC was taken.

(a) (b)

before

e P:0.56%
(:87.81% Cls
0:11.63%

Ols

after P:0.51%
C:81.98%

0:17.51%
Ols

Cls

Transmittance (a.u.)

P2p
Cl2s CI2p

3421

| 1 1
4000 3500 3000 2500

1 1 1 L 1 1
1000 500 1000 800 600 400 200 0
Binding energy (eV)

Fig. 5 (a) FTIR spe (b) XPS survey of BBC before and after activation.

Fig.6 manifested the specific change of different functional groups. Before reaction,
the original peak of Cls could be fitted into four species of 284.85, 285.63, 286.69 and
289.32 eV, representing the stretching vibration of C (graphite), C-OH/C-O-C, C=0 and
n-n" shake up respectively. Apparently, the decrease of C-OH/C-O-C was accompanied
by the increase of C=0 and the appearance of COOH, which reflected the transformation

of surface functional groups of BBC. While the extension of C=0O could directly lead to

the enhancement of the band at 1643 cm’!, the appearance of COOH could be also
16



reflected by the changes of peak 3421 cm™ and 1643 cm™ in Fig. 5a. The Ols could be
divided into three part, while 532.25, 531.06 and 533.10 eV were assigned to the vibration
of O2/H>0, C-O and C=0, and the change of Ols was in line with that of Cls. Taken the
stability tests into account, the surface oxygen-containing functional groups might serve
as active sites in BBC/PS system. The decline of removal efficient after first run may be
the result of the surface oxidation on BBC.

For a more intuitive validation, phosphorus content remained at the same low level

before and after reaction. The high-resolution scan of P2p wa; in Fig. S4. The
peaks at 132.30 eV and 134.01 eV represented C3-P=0 and pectively. Whereas,
the composition of phosphorus has little change ¢ and after reaction. Although

doping heteroatoms (including N, B, O, P, S, @a ommon strategy to enhance the

efficiency in PS activated reaction foglhe eous catalytic material [21, 44], the

information given by XPS prove% orus doping had no role in BBC/PS system.

QQ

17



(a) SUM Before Cls ( b) UM Before Ols
woon L —
T 28485 eV (49.02%) 20000 1 532,25 eV (52.5%)
[ 285636V (19.44%) = 531.06 ¢V (17.0%)
40000 286.69¢V (13.54%) | 5 ——533.10 eV (30.5%)
2| ——289320v (18.00%) C(graphite) | <
z | 3
= 7 15000 |
530000 - é
s B
E 2
Z20000 | C-OH/C-0-C £
= T 3 10000
& . =0 D =
o n-m shakeup e
0 Il 1 1 1 1 1 1 1
204 290 ) 284 543 540 537 534 531 528
( ) Binding energy (eV (d) Binding energy(eV)
c
After Cls After Ols
s0000 b —— SUM ter Cs 25000 - —— SUM
———284.79 eV (50.14%) ——532.45 eV (45.2%)
= 286.20 €V (33.25%) 3 53145¢V (24.9%) C-0
40000 = ——288 47 eV (8.19%) bl 533.56 eV (29.9%)
z ——290.89 ¢V (8.15%)  C(graphite) =y
£ & =
5 30000 | b £
= £
= o 15000 |
= = =
S 20000 - CﬁO\ = C=0
n-n shakeup COOH 10000
10000 N 4
\
0 1 1

1 1
294 290 288 284
Binding energy (eV)

537 534
Binding energy (eV)

Fig. 6 (a) Cls and (b) Ols spectrums of B reaction; (¢) Cls and (d) Ols
spectrums of BBC after reaction

To sum up, PS activation w d with a large-scale variation of functional
groups. Studies have declaggd thgt surface oxidation plays a significance role in PS
activation and bo d non-radical process contribute to this result [19, 42].
Instead of C=0, C-O éere more likely work as active site in BBC/PS system. As electron-
rich groups, C-O might act as electron donor in the dechlorination process of 2,4-DCP.
Besides, active sites could also promote radical pathway by activating PS to generate
radicals. For instance, functional groups on BBC surface (BBCsurface-COH) could activate
PS to generate SO4"~ (Egs. (2)) [45]
BBC,,,ce-COH + $,03” — BBCyice-CO* + SO; + HSO; )
3.4 Free radical pathway

18



In order to investigate the role of radicals played in this system, the experiment about
radical identification have been taken. Free radical is a common process in PS activation
[46, 47]. For the aim of lucubrating the degradation mechanism in BBC/PS system, it’s
necessary to confirm the radicals generated in this system.

Herein, radical quenching reaction have been taken to investigate the effect of different
radicals. "OH and SO4"~ were the most common radicals for organic pollutant oxidation
in PS activation. Hence, tert-butyl-alcohol (TBA) and ethanol (EtOH) were applied to
distinguish the contribution of "OH and SO4" for their differeriregsion rate with two
radicals. Generally, EtOH is an effective quencher for both n=(1.2-2.8) x 10’
M1 s1)and SO4" (ksos--= (1.6-7.8) x 10’ M s1), w s TBA is effective for "OH (k-on
=(3.8-7.6) x 103M! s7!) and also poses a relati®1 act on SO4" (Ksoso-=4 x 10° M

I'sh). Additionally, 1,4-benzoquinone ( sen to analyze the effect of superoxide

anion radical (O2"") because the e constant could up to 1 x 10° M s, Also,
studies have clarified that 1@&& exist in PS activation process [48, 49], so sodium
azide (NaN3) was lowdetermine the existence of 'Oz (k=1.2 x 103M' s™!). When

the certain trapping a{¢nt was added, the inhibition extent can reflect the corresponding

radical amount in this system.
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Fig. 7 (a) Effect of EtOH (0.75 M), TBA (0.75 M), BQ (10 mM) and NaN3 (10 mM) on
2, 4-DCP degradation in BBC/PS system; (b) is the correspondin o-first-order rate
constant of different quenching agent. [2, 4-DCP] = 0.2 g/L\ 2 g/, [BBC]=0.2
g/L, [Temp] = 298 K.

Fig. 7 presented the 2 h activation process acittadical quenching batch (Co was

the concentration of 2,4-DCP after 1 h & It is obvious that the addition of TBA
bs

sharply hindered the reaction, % creased from 0.0341 to 0.0103 min'. The
inhibitory effect of EtOH w@paraﬁvely less than TBA, which manifested that the

‘OH is the prima% 1 BBC/PS system. BQ and NaNj can slightly alleviate the

reaction rate, and ko»s Necreased to 0.0273 and 0.0167 min! respectively. Although excess
quencher has been put into, the removal rate of 2, 4-DCP could still reach 72%.

Even though each trapping agent has a distinct trapping effect, simply addition could
not quantitatively study the role radical pathway played in BBC/PS system. However,
obvious inhibitory effects of each quenching agent might be considered as the favorable

evidence for the dominance of radical pathway in this system.

20




(a) In deionized water (b) In methanol

¢ DMPO-OH * X t ¢ & DMPO-OOH
e DMPO-SO,
1| - 4 | LI 120 min
S N - *» - *
7] f . @*
= ) | 60min | .
é \/\f \ZWJ\J Vr_/\/ \l ? 60 min
E “ ®
= | E
é 30 min E
5 min
T T T T T T T 1 = L . L L
3183 318.4 3185 318.6 318.7 318.8 318.9 320 322 324 326

Magnetic field (mT) Magnetic field (mT)

Fig. 8 Electron spin resonance analysis in BBC/PS system (5,5-dimethyl-1-pyrroline N-
oxide was the trapping agent). [2, 4-DCP] =0.2 g/L, [PS] =2 g/ 1=0.2¢g/L,
[Temp] = 298 K.

The existence of radicals was further determin ESR spectroscopy, DMPO was

applied as the trapping agent. The concentrat@ in the system rose gradually

during the activation, as the signal pealgo creased with time. The ESR analysis

taken in deionized water also mang the "OH played an important role in BBC/PS

system, and the SO4"~ did e@t e system but its concentration kept at a low level.

Four characteristiia@eutral circumstance were recognized for confirming the
existence of Q2. To §m up, "OH, SO4"~, 02"~ and 'O, all made sense in BBC/PS system,
among which the contribution of “OH occupied the main position.
3.5 Non-radical pathway

Previous studies unveiled that the non-radical pathway may bring a better selectivity
to the target pollutant in complicated environment [19]. Non-radical pathway can degrade

pollutants without generating radicals. According to Huang and co-workers, nature

porous structure of swine bone derived char worked in electric double-layer capacitors
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system. To be specific, macropores could minimize the diffusion distances of ions,
mesoporous provide low-resistant pathways, and micropores strengthen the electric
double layer capacitance [36]. The ions transfer in the double-layer capacitor was thought
to be similar to the electron transfer mechanism of the non-free radical pathway in the PS
activation system. So, BBC/PS system is supposed to degrade pollutants by non-radical
pathway for its wide porous distribution. The non-radical pathway might work by the
electron transferring from PS to 2,4-DCP. Thus, 2,4-DCP might be the electron donor,
while PS was the electron acceptor and BBC might act as medifto equired BBC to
be electrically conductive. The formation of pollutant-mate ernary construction
was deemed as the key to realize the pollutant degragstygn by electron transfer.

EIS Nyquist plot as an auxiliary characte@l as employed as an evidence of

the non-radical pathway. According t on transfer kinetics at the electrode

interface, the semicircle diameter, transfer resistance and the diffusion process
i1s embodied by the straight l@]. Bare GCE presented a large semicircle diameter in
the EIS plots, rep t@ high resistance. A remarkable decrease of the modified
electrode resistance dguld be observed when the BBC was decorated (Fig. 9a), which
indicates a good electron transfer capacity of BBC. The LSV was taken to assess the
electron transfer capacity in the corresponding system. As shown in Fig. 9b, when bare
glassy carbon electrode (GCE) was used as the work electrode, there almost no current
response in 20 mM PBS with PS and 2, 4-DCP. After ornamenting by BBC, there was a

minor increase in the presence of PS or 2, 4-DCP, and the obvious peak current value

obtained only when PS and 2, 4-DCP were added at the same time. This evidence added
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to the theory that the ternary system (BBC, PS and 2, 4-DCP) could accelerate the electron

transfer process [40].

(a) - (b)

bareGCE bareGCE+PS+2,4-DCP
v BBC-GCE v 6.06-5  — BBC/GCE+PS
400 F BBC/GCE+2,4-DCP
v I —— BBC/GCE
v - —— BBC/GCE+2,4-DCP+PS
E v T 40E-5
H Eo
N0 F = v 5
v
v 2.0E-5
v
y
v
U 1 1 1 1
100 200, 300 400 500
Z (ohm)

Fig. 9 (a) EIS Nyquist plots of bare GCE and BBC/GCE wigth

Hz to 10° Hz, (b) Linear sweep voltammograms (LSV) obtain® by the bare GCE and
BBC GCE in the presence of PS or 2, 4-DCP. [2, 4- 0.2 g/L, [PS]=2 g/L, [Temp]
=298 K. &@
3.6 Real water application

In order to investigate th cagllity of BBC/PS system in real water, experiments
were taken in real surfa WQ\e surface water was obtained from Xiangjiang River
and Taozi Lake (T%(iangjiang River is the most important river system in Hunan
province, it originates in Guangxi province and flows into the Yangtze river system
through Dongting Lake. It’s an irreplaceable source of drinking water in Hunan. Taozi
Lake originates from Yuelu Mountain, it accommodates part of the surrounding sewage.
Overall, the BBC/PS system conducted well in real surface water. However, a slight
abatement of removal efficiency still existed in both Xiangjiang River and Taozi Lake,
and the inhibition in Taozi Lake was more apparent. The hypothesis that the organics in

the real water samples may have competitive adsorption effect to 2, 4-DCP was proposed.
23



In order to verify this assumption, the chemical oxygen demand (COD, a chemical
indicator which can describe the organic amount of surface water) value was obtained by
the method specified in the Chinese national standard. The COD of Xiangjiang River is
8.0 mg/L, while that of Taozi Lake is 13.1 mg/L.

Table 1 Sampling information of different water samples

Chemical oxygen demand

Location Sampling site
(COD)
Taozi Lake E 112.95,N28.18" %.1 mg/L
Xiangjiang River E 112.59°, N 28.17 8.0 mg/L

The results showed that the removal rate o -DCP was declined with the

increasing of COD. The decrease in the e@ egradation may be due to the
face water and the target pollutant for

competition between the organic mattggmg t

the active sites of the BBC. This@ on was tally with the hypothesis put forward

beforehand. Q

0.8 I Catalysis
[ Adsorption

<
o

Removal rate
o]
'S

0.2

0.0

Control Xiangjiang River Taozi Lake

24



Fig. 10 BBC/PS system utilized in real surface water to degrade 2, 4-DCP, [2, 4-DCP]
=0.2 g/L, [PS]=2 g/L, [BBC] =0.2 g/L, [Temp] = 298 K.
CI is widely spread in wastewater and it may serve as a capture reagent of radicals
[40, 51]. Consequently, it is necessary to investigate the influence of ClI" on BBC/PS
system. As seen from Fig. S5, there was a little inhibition of reaction rate when 5 mM CI
was added, and the inhibitory effect increased with the concentration of Cl” within limits.
This phenomenon may because a handful of Cl” could act as scavengers of "OH and SO4™".
According to the radical reaction mechanism, the CI” could co ) ‘OH and SO4™

to form CI' (2.4 eV) and Cl,™ (2.1 eV) for their redox potent ower than "OH and

SO4"™ (Egs. (3)-(6)). It may be the reason of the jaRgbition at low CI* concentration.

However, the inhibition effect was alleviated a@ the reaction when 10 mM and

20 mM CI” was added. It may be becagse t h the dechlorination of 2, 4-DCP, the

concentration of Cl™ in the solut

the concentration of CI rais@i: mM, a promotion of 2, 4-DCP removal rate could

be distinguished. Qg g)nenon occurred might because the superfluous Cl” could

d to an excessive level. Additionally, while

serve as electron don§y to accelerate the reaction [40]. Wang’s group first reported that
superabundant CI” could activate PS without catalytic material, and it can be regarded as
non-radical pathway to some extent [52]. Our group have reported that the acceleration
could be seen when 20 mM CI" was added [40]. And in cobalt ion activation system,
reaction can only promote when coexisting with over 500 mM CI" [52]. Further
comparing with this experiment, the distribution of non-radical and radical pathway may

be the reason for different critical point of the influence of CI". So, the assumption that
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CI" could accelerate the reaction through non-radical pathway and alleviate the process
through radical pathway was proposed. The ultimate impact in certain system is up to the

different proportion of radical and non-radical pathway.

SO; +CI' — CI'+ SOF 3)
"OH + CI'— CIOH"™ (4)
CIOH™+ CI' — CI5 + OH (5)
CI'+CI' - Cl; (6)

3.7 Antibiotic degradation

Antibiotic recently got much attention of researchers dually became the
urgent contaminant in environment [53-57]. In or investigate the adaptability of
BBC/PS system, BBC/PS system was also d@ degrading antibiotic (Fig. S6).
Tetracycline (TC) and sulfamethoxazolg ('S ere chosen as the typical antibiotic in

@ system also performed well on antibiotic

degradation, and a higher a@n capacity was shown when antibiotic was chosen as

environment. The results declar

the target polluta e sing of adsorption capacity might owe to the formation of
hydrogen bonding b&ween antibiotics and BBC. Conclusion could be made that the
BBC/PS system had the ability to degrade different pollutants with diverse structure in
aqueous environment.
3.8 Multiple mechanism system

Take all the experimental results into consideration, the assumption that the BBC/PS
system achieved an effective degradation through both radical and non-radical pathways

was tested. Excellent characteristics of BBC is the key in this system. Hierarchical porous
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structure of BBC could not only enhance the adsorption capacity but also accelerate
electron transfer process. Moreover, the electron-rich group on BBC could promote both
radical and non-radical pathway by assisting the generation of radicals and donating
electron.

As for non-radical process, BBC was pivotal, since it was deemed as a mediator to
facilitate the transfer of electrons from 2, 4-DCP to PS or H>O (Eq. (7)). Firstly, the non-

radical process relied on the adsorption capacity of BBC. Only after the tight bond of

BBC, PS and 2,4-DCP, the electron transfer could be achieved. the hierarchical
porous structure helped PS and 2,4-DCP molecules get ins BC to enhance the
pore utilization. Secondly, comparing with other naceous materials, hierarchical

porous carbon such as BBC might promote th transfer process. As mentioned

above, macropores could minimize t &n distances of electron, mesoporous
h

provide low-resistant pathways,

enhancing the adsorption ca@ the materials.
Besides, radi%@played a crucial role in BBC/PS system. "OH, SO4™", O™

and 'O were all parti\jpated in PS activation (Egs. (8)-(12)). In section 3.3, the function

ores might promote non-radical pathway by

of oxygenic groups on BBC surface has been manifested. The adsorption of PS is the
prerequisite of radicals’ generation. Thus, the porous structure not only is the key factor
of non-radical pathway but also can assist radical pathway. At the beginning of the radical
reaction, BBC promoted the reaction between S;0s* and H>O to generate SO4" and O,
In the presence of OH", the SO4"™ could convert OH™ into "OH. As mentioned above, "OH

is the main ones among various radicals in this system. Although "OH might prefer to
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generate at alkaline condition, the optimum initial pH of this system was at weak acidic
condition. It might be the result of the radicals with low activity could not degrade the
pollutant. There are many factors influence the activity of radicals, while pH might be an
important one. According to previous study, with the increase of pH, the redox potential
of "OH dropped from 2.8 eV to 1.5 eV [58]. Furthermore, the produce of "OH
accompanied with the plentiful consumption of OH", this might the reason of the

reduction of pH during the 2 h activation process. From the perspective of reactive oxygen

species, at the beginning of the activated reaction, the NaN3 (1 little effect and
the inhibition of BQ (10 mM) was diminished at the end o ction (Fig. 7). This
might because there is a certain transformation re ship between O~ and 'O in

solution. As the catalytic reaction goes on, exc@e H and H' could combine with

0" to produce '0s. &
S,0% +2e — 2807 @Q (7)
S,0% +2H,0 — 2S07 + r@ (8)

S,0% + HO; — 2Q&Q% J+-H+0> )
SO; +OH — '‘OH\ SOF (10)

‘'OH+ 05 — '0, +OH (11)
2H'+205 — '0, + H,0, (12)

Multiple mechanisms in the system can help it adapt to various conditions. This
verdict could be supported by the adaptation of wide range of pH and the less affected
by COD and CI'. So, BBC/PS system could be considered as a prospective method to
widely applied in actual wastewater treatment.
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4. Conclusion

To sum up, BBC/PS system could be a promising option for organic pollutant
degradation. As a kind of biochar, BBC worked by both adsorption and catalysis. This
system degraded the organic by both radical and non-radical pathway, and the radical
pathway share a majority proportion of the degradation. Among various radicals existed
in this system, "OH play a vital role in the radical reaction. With respect to the effect of
ions on this system, since Cl” can affect radical and non-radical pathway in different ways,
adjusting material structure could achieve the best efficiency of Ragigm] conditions. The
existence of multiple mechanisms enhanced the adaptive C f BBC. Moreover,
BBC/PS system worked well in a wide pH range, age®y also efficiently degraded target

pollutant in real surface water. The application ofe carbon provides a new strategy

for high efficiency green remediation oﬁ&mtaminants.
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