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a b s t r a c t

Carbon-mediated persulfate advanced oxidation processes (PS-AOPs) are appealing in contaminant re-

mediation. For the first time, S,B-co-doped carbon-based persulfate activators were synthesized through

direct carbonization of sodium lignosulfonate and boric acid. By degrading sulfamethoxazole (SMX), CSB-

750 obtained 98.7% removal and 81.4% mineralization within 30min. In comparison with solo S or B

doping, S and B co-doped carbon showed the coupling effect for enhanced catalysis. The rate constant

(kobs) of 0.1679 min–1 was 22.38- and 279.83-fold higher than those of CS-750 (0.0075 min–1) and CB-

750 (0.0006 min–1), respectively. The degradation was efficient at strong acidic and weak basic conditions

(pH 3–9). Substantial inhibition effect was presented at strong basic condition (pH 10.95) and in presence

of CO3
2–. The CO3

2–-caused inhibition was the combined result of the cooperation of pH and quenching

O2
·–. Thiophene sulfur, BC3, BC2O, and structural defects were identified as the active sites for PS acti-

vation. Radical and nonradical pathways were both involved in the CSB-750/PS/SMX system, where 1O2

dominated the degradation, SO4
·–, ·OH and direct electron transfer played the subordinate role, and O2

·–

served as a precursor for the formation of partial 1O2. The toxicity of degradation system, the effect

of real water matrix, and the reusability of carbocatalysts were comprehensively analyzed. Nine possi-

ble degradation pathways were proposed. This work focuses on the catalytic performance improvement

through the coupling effect of S,B co-doping, and develops an advanced heteroatom doping system to

fabricate carbonaceous persulfate activators.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the recent 15 years, the use of antibiotics has soared by

nearly 40% in the worldwide, while over 50% of antibiotics are

abused [1]. Sulfamethoxazole (SMX) as a typical sulfonamide an-

tibiotic, exhibits excellent inhibition on Gram-positive and Gram-

negative bacteria, and indeed keeps humans and animals healthy

from bacterial infections [2,3]. However, owing to the incomplete

metabolism and relatively high stability, SMX is not readily elim-

inated by natural degradation and extensively detected in natural

water. The toxicity and antibiotic-resistant bacteria of SMX impose

adverse effects on ecological system.

In terms of antibiotic decontamination, multiple attempts have

been made in carbon-based persulfate advanced oxidation pro-

cesses (PS-AOPs) [4,5]. Persulfate are comprised of peroxymonosul-
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fate (PMS, HSO5
–) and peroxydisulfate (PS, S2O8

2–). Compared with

PMS, PS possesses the higher oxidation potential (2.01V vs. 1.82V

of PMS), lower cost, higher stability as well as fewer transporta-

tion problems. As a promising alternative to transition-metal-based

catalyst, advantages including easy availability, porous structure,

zigzag/armchair edges, defective sites, and abundant active func-

tional groups, endow the carbonaceous materials with superb cat-

alytic nature [6]. In the meanwhile, the problem about secondary

contamination caused by toxic metal leaching can be avoided [7].

Furthermore, in carbon-driven persufate activation, the dominant

nonradical pathways can be classified into surface activated com-

plex, singlet oxygen, and electron transfer mediation [8,9]. They

show high selectivity toward electron-rich compounds, and can re-

tain excellent reactivity in complex aquatic matrix regardless of

inorganic anions and radical scavenger. Therefore, developing ef-
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ficient carbocatalysts to pursue maximum efficiency of PS-AOPs is

highly desired.

Recently, carbon materials with defined heteroatom doping (N,

S, Si, Se, B, P, I) into hexagonal skeleton have become prominent

members in the carbon family [6,10-13]. Co-doping N with other

heteroatoms is viewed as an effective strategy to enhance the cat-

alytic performance [14]. For example, the catalytic activity of N,S-

co-doped graphene was superior to that of single N or S doping

one [15]. Owing to the electron-rich feature and large electronega-

tivity (3.04 of N vs. 2.55 of C), the dope N can redistribute charge

density and spin density of carbon atoms, thus breaking the chem-

ical inertness of carbon network [16]. As a result of large atomic

size (1.04 Å of S vs. 0.77 Å of C), replacing certain carbon lattice

with S can change the local carbon geometry configuration and

create structural defects, which can induce the generation of 1O2

[17]. The coupling effect of N and S creates more defective sites,

tunes the electronic structures, and thus boosts the catalysis, but

it needs precise control of N/S doping content [18]. It must be

pointed out that excessive N/S doping may play an opposite role on

catalytic performance. In addition, simultaneous introduction of N

and B is prone to form N-B bond via one-step synthesis, resulting

in a neutralization effect and deteriorating the catalytic capacity

[19]. Although the reverse situation can be obtained with two-step

strategies, it involves complex treatment [20]. Moreover, their cat-

alytic durability is still unsatisfactory. Therefore, it is indispensable

to develop an advanced heteroatom doping system.

S and B atoms may be two of the prospect candidates for co-

doping carbon materials. The virtues of S and B doping are as fol-

lows: (1) Owing to the electron-deficient property caused by a va-

cant p orbit, B-doping enables the Fermi energy level to shift the

guide band, which can accelerate the electron transfer reaction on

the surface of carbon material [21]. (2) Considering the lower elec-

tronegativity of B instead of C (XB =2.04 < XC =2.55), the incorpo-

ration of B can change the charge density and electronic structure

of carbon network [22]. (3) As similar to S, defects and imperfec-

tions can be introduced by B-doing into carbon lattice [23]. (4) The

doped B as Lewis acid site can bind organic molecules, and con-

tributes the cooperative pollutant degradation by adsorption and

oxidation [24]. (5) In the case of S and B co-doping, the neutraliza-

tion effect similar to N and B does not exist [25]. (6) Thiophene S

can serve as Lewis basic site and medium to transfer electrons to

O–O bind of persulfate, leading to PS activation [26]. However, to

the best of our knowledge, S,B-co-doped carbon materials have not

been reported to activate PS for contaminants degradation. Besides,

the identification of active sites about B-containing functional (BC3,

BC2O, and BCO2) groups needs further exploration.

Herein, S,B-co-doped carbon materials were synthesized by

one-step calcination method. Sodium lignosulfonate served as both

carbon and sulfur sources, and boric acid acted as boron source.

Sodium chloride was used as salt template to facilitate the forma-

tion of porous structures. SEM, TEM, FT-IR, BET, Raman, and XPS

were employed to characterize the catalysts. The catalytic perfor-

mance was evaluated with sulfamethoxazole (SMX) as model con-

taminant and PS as the reactant. Reaction parameters, including PS

dosage, catalyst dosage, SMX concentration, pH, inorganic anions,

real water matrix, and other pollutants were investigated. More-

over, the catalyst reusability, degradation pathways and the toxicity

of degradation system were also investigated. The catalytic mech-

anism was determined in line with the quenching experiments,

EPR and electrochemical analysis. The active sites were identified

by XPS and Raman spectroscopy before and after reaction. This

work focuses on the catalytic performance improvement through

the coupling effect of S,B-co-doping, and provides a new perspec-

tive to fabricate carbonaceous persulfate activators.

The reagents, material preparation, and experimental proce-

dures were described in Texts S1-S3 (Supporting Information).

Fig. 1. SEM images of CS-750 (a), CB-750 (b) and CSB-750 (c); HRTEM images of

CSB-750 (d); Corresponding EDS elemental mappings of C, O, S and B (e); EDS map

sum spectrum for CSB-750 (f).

Fig. 1 and Fig. S1 (Supporting information) displayed the SEM and

HRTEM image of as-synthesized carbon materials. All the six com-

ponents presented rough and wrinkled morphology. Apparently,

the S-containing catalysts (CS-750 and CSBs) had more pores com-

pared with single B-doped catalyst CB-750 (Figs. S1a-f). This was

probably ascribed to the larger atomic radius of S than B and C (S:

1.02 Å > B: 0.82 Å and C: 0.77 Å), which could cause the distortion

of carbon network and collapse of porous structure [27]. From the

HRTEM results (Fig. 1d), the lattice stripe of CSB-750 was absent,

implying the amorphous structure. The elemental distribution and

surface morphology of CSB-750 were further investigated by en-

ergy dispersive spectrometer (EDS) (Figs. 1e and f). The uniform

distribution of four elements C, O, S, and B on the catalyst surface

demonstrated the successful heteroatom doping.

XRD analysis was utilized to characterize the crystal structures

of carbocatalysts (Fig. 2a). All samples exhibited similar diffraction

patterns with two broad peaks. Among them, the strong peak lo-

cated at 24° was attributed to the (002) plane of the amorphous

carbon and the weak peak located at 44° was assigned to the (100)

plane of the crystalline carbon. These analogous diffraction peaks

implied that B-doping and elevating calcination temperature did

not change the crystal structure of carbon materials.

The specific surface area and pore structure were determined

by N2 adsorption-desorption isotherms. The detailed BET and pore

size parameters were summarized in Table S1 (Supporting infor-

mation). As depicted in Fig. 2b, all catalysts exhibited a type IV

isotherm curve with a noticeable hysteresis loop, indicating the

existence of mesopores [28]. This case was in accordance with

the pore size distribution range of 1.95–6.66nm (Fig. 2c). The for-

mation mechanism of the porous structure was proposed. One of

the reasons was that the gas volatilization derived from organic

components decomposition passed through the carbon layer, leav-

ing a lot of tunnels and creating multiple pores. Another reason

was that the wrapped NaCl in the internal pore channels was

dissolved and removed, subsequently forming the “leaving pores”

[29]. From the specific surface area (SBET) distribution, it could be

concluded that B-doping process largely increased the SBET of CSB-

750 (822.23 m2/g) relative to that of CS-750 (486.15 m2/g). Such

results might be ascribed to the gasses release (H2 and H2O) dur-

ing boric acid thermal decomposition, which generated more pores

and thereby enhanced the surface area. This hypothesis was fur-

ther verified by 4.65-folds higher pore volume (1.21 cm3/g) and

2.23-times pore diameter (5.90nm) for CSB-750 than CS-750 (0.26

cm3/g and 2.64nm). Noting that, when increased carbonization
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Fig. 2. XRD patterns (a), N2 adsorption-desorption isotherms (b), pore size distribution (c), Raman spectra (d, e), and FT-IR spectra (f) of all samples; Content of thiophene

sulfur and oxidized sulfur pecies (C-SOX-C) (g); Content of three boron species (h).

temperature to 850 ◦C and 950 ◦C, the BET had a decline, corre-

sponded to CSB-850 (632.92 m2/g and 1.05 cm3/g) and CSB-950

(653.33 m2/g and 1.02 cm3/g). It was reported that high calcina-

tion temperature could cause the collapse of porous structure and

then lower the pore volume and SBET [30]. In addition, it was ratio-

nal that CSB-650 possessed small SBET (416.25 m2/g) and pore vol-

ume (0.61 cm3/g), possibly because low pyrolysis temperature was

unfavorable for the formation of graphitized carbon skeleton. Over-

all, the large surface area and pore volume of CSB-750 contributed

to the mass transfer and active site exposures, strongly supporting

pollutant adsorption and catalytic oxidation.

Figs. 2d and e illustrated the Raman spectroscopy of all car-

bon materials. Obviously, there existed in two distinct peaks at

1350 cm–1 and 1580 cm–1, corresponding to the D band and G

band, respectively. The D band stands for defective and disor-

der carbon and the G band belongs to sp2-hybridized graphitic

carbon. The intensity ratio of D band to G band (ID/IG) can be

used to evaluate the defect degree of carbonaceous materials.

In comparison with the ID/IG of single S-doped CS-750 (0.9646)

and sole B-doped CB-750 (0.9453), S,B-co-doped carbons (CSBs)

exhibited the higher ID/IG values of 0.9670–1.0037. This phe-

nomenon indicated that the substitution of partial C by B and S

created more defective sites. After B element doping, the bond

length of the newly emerged C-B was distinct with C–C and C–S

bonds, which would reinforce the asymmetry of the electron dis-

tribution in the carbon network and hence modulated the ge-

ometric defects. Moreover, an increased preparation temperature

would improve the defective degree, depicted by ID/IG values: CSB-

650 (0.9670) < CSB-750 (0.9910) < CSB-850 (1.0037) ≈ CSB-950

(0.9981). As known, the chemical bonds were more easily cleaved

and reconstructed at high temperature, forming more defective

sites [31].

Fourier transform infrared spectroscopy (FTIR) was measured to

analyze the surface functional groups of as-derived carbons. As il-

lustrated in Fig. 2f, all catalysts showed strong absorption peaks

at 1623 cm–1 and 3435 cm–1, which represented the stretching vi-

brations of C=O and -OH functional groups, respectively [23]. The

weak peak at 1385 cm–1 was associated with the stretching vibra-

tion of C-S bond [32]. Except B-free catalyst CS-750, the other cat-

alysts contained a relatively weaker absorption peak at 1126 cm–1,

referring to the C-B/B-O signal peak [33]. Their low diffraction in-

tensity resulted from the low proportion of B (0.56%−1.76%).

In order to further analyze the chemical compositions and el-

emental configurations, XPS measurement was implemented. The

atomic percentages were listed in Table S2 (Supporting informa-

tion). After B doping, the proportion of S reduced from 2.47% (CS-

750) to 1.80% (CSB-750), implying a portion of S was replaced by

B. In CSB-650, the B and S only accounted for 1.51% and 0.56%,

respectively. This was because low heating temperature did not fa-

vor the incorporation of S and B into π-conjugated carbon frame-

work. As anticipated, the S content manifested a downward trend

as the calcination temperature rise from 750 °C to 850 °C and 950

°C (1.80% > 1.72% > 1.55%). The reason for this fact was ascribed

to the decomposition of S-containing groups considering its insta-

bility at high temperature. Contrary to sulfur, the boron achieved a

higher content at 850 °C or 950 °C rather than at 750 °C, revealing
the high thermal stability of B.

Fig. S2 (Supporting information) showed the S 2p XPS spec-

tra of all samples. The two peaks at 163.5 eV and 164.6 eV were

attributable to S 2p3/2 and S 2p1/2 due to spin-orbit coupling of

thiophene-sulfur (C-S-C). Another peak at 168.0 eV was derived

from the oxidized sulfur (C-SOX-C). Evidently, the thiophene S con-

tent of CSBs was up to 77.51%–89.14%, and was far more than

that of sole S-doped carbon CS-750 (50.21%) (Fig. 2g and Ta-

ble S3 in Supporting information). It can be assumed that S,B-

doping stimulates the formation of thiophene-sulfur instead of ox-

idized sulfur. Based on former reports, the thiophene-S contain-

ing lone-pair electrons could act as Lewis basic center to pro-

mote electron transfer to the electrophilic oxygen of the persul-

fate, leading to O–O bond cleavage and reactive oxygen species

production [26]. Fig. 2h, Fig. S3 and Table S4 (Supporting infor-

mation) depicted the B 1s high-resolution XPS spectrum and con-
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tent of three boron species, which comprised of three components:

BC3 (189.9 eV), BC2O (191.2 eV), and BCO2 (192.3 eV) [34]. The C

1s spectrum could be fitted into four parts: C–C/C=C (284.8 eV),

C–OH/C–O–B (286.3 eV), C=O (287.7 eV) and O=C–O (289.4 eV)

(Fig. S4 and Table S5 in Supporting information).

Integrating porous structures with various O- or S-containing

groups, carbon materials universally possess good adsorption prop-

erties for organic contaminants. Thus, the adsorption experiments

were performed within 210min for adsorption-desorption equi-

librium. As could be seen in Fig. S5a (Supporting information),

the adsorptive removal of SMX by these samples were relatively

low, with the values of only 0.6%−22.9%. Nevertheless, co-doping

B into S-embedded carbon indeed enhanced the adsorptive prop-

erties, which was confirmed by the adsorption capacity orders:

CSB-750 (22.9mg/g) > CSB-850 (19.6mg/g) > CSB-950 (17.6mg/g)

> CSB-650 (1.5mg/g) > CB-750 (1.0mg/g) ≈ CS-750 (0.6mg/g).

Boron atom with electron-deficient and low electronegativity (2.04

of XB < 2.55 of XC) could alter the electronic structure and sur-

face chemistry of carbonaceous materials, affecting the adsorption

nature [35]. In addition, the incorporated B can act as Lewis acid

sites to bond organic molecule, as a result promoting the adsorp-

tion. The maximum adsorption capacity of CSB-750 (22.9mg/g)

may be related to its higher SBET (822.23 m2/g) and larger pore

volume (1.21 cm3/g). Comparatively, for CSB-650, the low adsorp-

tion ability was presumably due to that the low carbonization tem-

perature resulted in low SBET (416.25 m2/g) and pore volume (0.61

cm3/g). The adsorption process of CSB-750 could be better fitted

by pseudo-second-order (R2 =0.9819) instead of pseudo-first-order

model (R2 =0.9308), indicating the domination of chemical adsorp-

tion (Figs. S5b and c in Supporting information). Additionally, the

Langmuir model (R2 =0.9280) exhibited the higher correlation co-

efficient (R2) than Freundlich model (R2 =0.8538), demonstrating

monolayer adsorption was predominated (Figs. S5d and e in Sup-

porting information).

To validate the catalytic performances of as-prepared carbocata-

lysts, SMX removal was investigated by PS activation. As illustrated

in Fig. 3a, a negligible concentration decline could be observed in

the PS alone, suggesting that PS cannot oxidize SMX by itself. Af-

ter PS addition, only 3.9%−18.6% SMX was removed for mono B-

and S-doping catalyst (CB-750 or CS-750). By contrast, S and B co-

doping promoted the reactivity remarkably. Amongst, the CSB-750

accounted for 98.7% removal of SMX within 30min, which largely

surpassed the adsorptive removal rate of 22.9% (Fig. 3b). The kobs
was up to 0.1679 min–1, which showed 22.38- and 279.83-folds

improvement over CS-750 (0.0075 min–1) and CB-750 (0.0006

min–1), respectively (Fig. S6 in Supporting information). The sub-

stantial improvement might benefit from the coupling effect of S,B-

co-doping. As for sulfur, the large atomic radius (1.02 Å of S vs.

0.77 Å of C) can alter the bond length of adjacent C atom, then

generating structural defects [36]. Besides, the embedded-S with

high spin density can also create spin charge in carbon lattice [37].

B-doping can enable the Fermi energy level of carbon material to

shift the guide band, which accelerates the electron transfer re-

action on the surface of carbon material [21]. Therefore, S,B-co-

doping can optimize the electronic structure, break the chemical

inertness of carbon network, and create defective sites, as a result

accelerating the oxidation process. Furthermore, in order to fur-

ther verify whether the adsorbed SMX was degraded on the cat-

alyst surface, SMX was extracted from the reacted catalyst with

ethanol. As illustrated in Fig. 3c, the extracted amount of SMX in

the adsorption process was 0.1783mg. However, this value is only

0.0151mg in the oxidation process, which was 91.5% smaller than

that in the adsorption process. This result indicated that SMX ad-

sorbed onto the catalyst could be effectively degraded.

In the case of CSB-650/PS system, a removal efficiency of 39.1%

and 0.0147 min–1 were found, and they were below those of

CSB-750 (Fig. 3b and Fig. S6). This could be explained that the

low calcination temperature was unfavorable for the formation of

graphitic carbon skeleton and the incorporation of B and S atoms

into the carbon backbone, thereby lowering the number of ac-

tive centers and catalytic performance. As steadily increased cal-

cination temperature, the CSB-850 and CSB-950 exhibited inferi-

ority (91.0%−91.9%; 0.0716–0.0753 min–1) as compared with CSB-

750. Under high annealing temperature, the carbon nanomaterials

were easy to be aggregation and pore structure collapse, inhibit-

ing the exposure of active sites [27]. This reasoning agreed well

with pore volume orders: CSB-750 (1.21 cm3/g) > CSB-850 (1.05

cm3/g) ≈ CSB-950 (1.02 cm3/g) (Table S1). Interestingly, in spite of

different pyrolysis temperature, CSB-850 and CSB-950 showed the

similar degradation behaviors. Such results might be due to their

almost identical proportions of BC3+BC2O (27.07% vs. 26.65%) and

thiophene-sulfur content (79.27% vs. 77.51%) (Tables S3 and S4).

The phenomenon implied that BC3, BC2O, and thiophene S might

be potential active sites. In general, the S,B-co-doped carbons pre-

pared at a suitable temperature was effective in catalyzing per-

sulfate, whose catalytic performance was comparable to those of

many reported carbon- or carbon-metal-based catalysts (Table S6

in Supporting information).

It is well known that PS concentration affects the forming effi-

ciency of reactive oxygen species (ROS) in the direct catalytic oxi-

dation. Thence the effect of PS dosage on SMX removal was inves-

tigated in Fig. 3d. When PS dosage increased from 0.2mmol/L to

0.5mmol/L, kobs was significantly reinforced from 0.0850 min–1 to

0.1679 min–1 (Fig. S7a in Supporting information). Correspondingly,

the removal rate heightened from 83.5% to 98.7%. This promotion

could be explained that more PS guaranteed full contact with cat-

alyst, as a result enhancing the collision probability between them

and generating more ROS. However, at PS=0.6mmol/L, the almost

invariant removal efficiency (0.1360 min–1) was observed in com-

parison with that at PS=0.5mmol/L. This phenomenon might be

due to the number of active sites on the catalyst surface lim-

ited the further PS activation. Therefore, the optimal PS dosage of

0.5mmol/L was used in the following experiments.

The effect of different amount of CSB-750 on SMX degradation

was illustrated in Fig. 3e. Apparently, an increased dosage of cata-

lyst was in favor of SMX removal. With a small dosage of 0.1 g/L,

only 48.0% of SMX was eliminated within 90min and the kobs was

0.0470 min–1. The further rising dosage of 0.2 and 0.3 g/L consoli-

dated SMX degradation to 98.7% and 99.0% within 30min. Accord-

ingly, the kobs was increased to 0.1679 min–1 and 0.2204 min–1,

respectively (Fig. S7b in Supporting information). Under these con-

ditions, more available active sites on carbon surface can effectively

catalyze PS to generate ROS, leading to a positive contribution on

SMX removal. However, when catalyst dosage continued increasing

to 0.4–0.5 g/L, the degradation performance exhibited marginal im-

provement. This should be attributed to the limited amounts of PS,

resulting in the saturation of active sites on carbon surface.

The influence of initial SMX concentration on the removal ef-

ficiency was also researched and displayed in Fig. 3f. As simi-

lar to the previous literature, accompanying the increase of pollu-

tant concentration, both the removal rate and degradation rate de-

creased. At SMX concentration of 20, 40, 60, 80 and 100mg/L, the

removal rate followed the orders of 98.7% > 89.8% > 73.8% > 52.9%

> 49.2%. And the kobs were 0.1679 min–1, 0.0503 min–1, 0.0232

min–1, 0.0183 min–1, and 0.0100 min–1, respectively (Fig. S7c in

Supporting information). This negative effect might be attributed

to the following two factors. On one hand, the limited active sites

and loss of active sites covered by more pollutant molecules, re-

sulting in the inhibition of PS activation [38]. On the other hand,

the inadequate PS dosage was also in charge of the low oxidation

efficiency at high concentration of pollutant. Notably, at far exceed-

ing actual wastewater concentration of 100mg/L, the removal rate

4
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Fig. 3. (a) SMX degradation curve with different catalysts; (b) Adsorptive and oxidative removal of SMX; (c) Extracted SMX with ethanol from the used catalyst (detected at

30min); SMX removal efficiency at different conditions: (d) PS dosage, (e) catalyst dosage, (f) SMX concentration and (g) initial solution pH; (h) Zeta potential of CSB-750

in various pH; (i) PS decomposition and final solution pH in different systems. Reaction conditions: [SMX]=20mg/L, [PS]=0.5mmol/L, [Catalyst]=0.2 g/L, initial solution pH

5.05, unless specially highlighted in the figure.

still reached 49.2%, demonstrating a great prospect of CSB-750 in

practical application.

To estimate the influence of pH, the degradation experiments

were carried out at varying solution pH of 3.07, 5.05, 7.03, 9.10 and

10.95. As shown in Fig. 3g, the removing efficiency was found to be

almost insensitive to the initial pH of 3–9, and more than 98.7% of

SMX was removed within 30min. Comparatively, a severe degra-

dation deterioration happened at the initial pH of 10.95, and only

43.7% SMX removal was obtained. The kobs value of 0.0161 min–1

was 10.43-times smaller than that at pH 5.05 (0.1679 min–1) (Fig.

S7d in Supporting information). To gain clear insights into the in-

hibition effect at pH 10.95, the Zeta potential of CSB-750, pH varia-

tion, and PS decomposition rate were investigated. Firstly, the Zeta

potential of CBS-750 was calculated to be 3.18 (Fig. 3h). That im-

plied that the catalyst was mainly negatively charged at the aquatic

solution pH > 3.18. In addition, given the pKa of 1.7 and 5.7, SMX

dominated in negatively charged forms at initial pH > 5.7 [39].

Therefore, at pH 10.95, there existed in an electrostatic repulsion

among CSB-750, negatively charged SMX and S2O8
2–, which would

weaken their interaction and then lower PS activation catalyzed

by CSB-750 [40]. The inhibited PS activation was confirmed by PS

consumption orders of 41.7% (pH 10.95) < 83.5%−89.7% (pH 3–9)

(Fig. 3i and Fig. S8a in Supporting information). With inefficient PS

catalysis, the insufficient ROS would give rise to low SMX oxida-

tion, which was in good agreement with Fig. 43.7% SMX removal

at pH 10.95. As previously reported that, the production of hy-

drogen (H+) deriving from PS decomposition could reduce the pH

(Eqs. 1–3) [41]. Therefore, the pH change during degradation was

measured. As anticipated, the solution pH was merely decreased

to 10.15 at initial pH 10.95. Reversely the final solution pH values

were around 3.32 at initial pH 3–9 (Fig. S8b in Supporting infor-

mation). Surprisingly, although this electrostatic repulsion among

CSB-750, negatively charged SMX, and S2O8
2– still existed at initial

pH 9.10, the corresponding removal efficiency was at a high level

(98.2% and 0.1634 min–1). It was deduced that the electrostatic in-

teraction was limited at this time, and PS adsorption and activation

by CSB-750 was not interfered.

Generally, the main mechanisms in carbon-activated persulfate

system are involved in radical pathways (SO4
·− and ·OH) and non-

radical pathways (1O2 and direct electron transfer) [42]. The chem-

ical quenching experiments were utilized to discriminate the con-

tribution of ROS in SMX degradation (Fig. 4). Herein, MeOH was

chosen to quench both SO4
·− and ·OH with reaction rate constant

of 1.1×107 L mol–1 s–1 and 9.7×108 L mol–1 s–1, respectively [43].

While TBA was the scavenger of ·OH (k=6×108 L mol–1 s–1), but

not SO4
·− (k=4×105 L mol–1 s–1) [44]. As illustrated in Fig. 4a

and Fig S9a (Supporting information), the addition of MeOH sub-

tly suppressed SMX degradation. The kobs decreased from 0.1679

min–1 to 0.1547 min–1 and 0.1546 min–1, along with the increasing

MeOH/PS ratio from 0 to 500 and 1000. Analogous results could

be also observed after adding TBA with [TBA/PS]=500 or 1000.

These phenomena revealed that SO4
·− and ·OH were both involved

in CSB-750/PS/SMX system, but their contributions were marginal.

The inhibition of SMX degradation by TBA was slightly higher than

that by MeOH. This abnormal experimental phenomenon can be

explained that TBA is more hydrophobic than MeOH due to the

longer carbon chain. In this case, TBA was more prone to be ad-

sorbed onto the catalyst surface than MeOH, resulting in more

significant aggregation of catalyst and less available surface ac-

tive sites. Thus TBA exhibited the stronger inhibitory effect than

MeOH. As a representative scanvenger of superoxide anion, the ad-

dition of 10mmol/L p-benzoquinone (BQ) caused 9.76% reduction

in SMX concentration, implying the existence of O2
·− (Fig. 4b) [45].

l-Histidine as a quencher of 1O2 was used to confirm the nonrad-

ical pathway (Fig. 4c and Fig. S9b in Supporting information) [46].

The addition of 5mmol/L l

98.7% to 77.6%, correspondingly the kobs reduction from 0.1679

min–1 to 0.0321 min–1. More detrimental effect was presented

5
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Fig. 4. Quenching effect of MeOH and TBA (a), BQ (b) and l-histidine (c); (d) EPR spectra obtained with DMPO at different reaction conditions; (e) EPR spectra obtained

with TEMP; (f) EPR signal detected with TEMP at different reaction time; (g) N2 and O2 purging experiment; (h) Linear sweep voltammetry (LSV) analysis in different

systems; (i) Effect of NaClO4 towards SMX degradation. Inset: kinetic rate constant (kobs) in presence of NaClO4. Reaction conditions: [SMX]=20mg/L, [PS]=0.5mmol/L,

[CSB-750]= [CSB-750a]=0.2 g/L, [CSB-750b]=0.02 g/L, [DMPO]= [TEMP]=100mmol/L.

63.5% and 0.0215 min–1. Such an inhibition demonstrated that 1O2

should be taken as the primary reactive specie. Likewise, the ad-

dition of other 1O2 scavengers (NaN3 and FFA) were also harmful

to SMX removal and endowed 46.7%−68.3% reduction (Fig. S10 in

Supporting information). These above results confirmed the gener-

ation of SO4
·−, ·OH, O2

·− and 1O2 in the course of PS activation

by CSB-750. Again, this was supported by PS decomposition rates

in different quenching systems (Text S4 and Fig. S11 in Supporting

information).

Subsequently, electron paramagnetic resonance (EPR) measure-

ments were used to further differentiate the ROS in the cat-

alytic system. By employing DMPO (5,5-dimethyl-1-pyrroline-N-

oxide), the generation of O2
·−, SO4

·− and ·OH were determined.

O2
·− was failed to be detected in spite of repeated attempts

(Text S5 and Fig. S12 in Supporting information). As displayed in

Fig. 4d, no EPR signal peaks could be observed in the sole PS

system, which showed that PS can not produce ROS by its self-

decomposition. As the addition of CSB-750, the expected signal

peaks of DMPO-OH (αH =αN =14.9G) and DMPO-SO4 (αH =9.6G,

αH =1.48G, αN =0.78G, and αN =13.2G) were absent [47]. Al-

ternatively, a strong seven-line EPR signal with intensity ratio of

1:2:1:2:1:2:1 appeared, referring to the signal peak of DMPO-X

[48]. In the pioneering reports, DMPO-SO4 and DMPO-OH were

deemed to be unstable and easily oxidized into DMPO-X [49]. Also,

To our knowledge, DMPO can be oxidized in aqueous solution by
1O2 into DMPO-X (k=1.8×107 L mol−1 s–1) [50]. Thus, to mitigate

this 1O2-induced DMPO-SO4 and DMPO-OH oxidation, the CSB-750

dosage was reduced from 0.2 g/L to 0.02 g/L aiming at diminishing
1O2 production. As shown in Fig. 4d, the signal peaks of DMPO-OH

and DMPO-SO4 emerged. This is a straightforward evidence that

the radicals (·OH and SO4
·−) participated in the degradation pro-

cess. Aiming at detecting 1O2, the spin trapping agent of TEMP

(4–hydroxy-2,2,6,6-tetramethylpiperidine) was utilized. Fig. 4e de-

picted no EPR signals for catalyst or PS alone, but simultaneous ad-

dition of CSB-750 and PS produced a representative triple isointen-

sity peak (1:1:1). This spectrum might derive from the adduct of

TEMP with 1O2, namely TEMP-1O2 (αN =αN =αN =16.9G). Fig. 4f

illustrated that the intensity of 1O2 signal in CSB-750/PS system

could last more than 30min, implying continuous generation of
1O2. These findings were consistent with the results of quench-

ing experiments. As a whole, both radical and nonradical pathways

contributed to SMX degradation, in which 1O2 exerted a primary

contribution, while SO4
·− and ·OH played a subordinate role.

Typically, in carbon-driven persulfate activation, the origins of
1O2 were mainly focused on three aspects: reorganization of O2

·−,
conversion of dissolved oxygen, and PS activation by structure de-

fects [45,51]. To clarify the real origin of 1O2, more efforts have

been input. Usually, O2
·− does not oxidize organic contaminants di-

rectly, but reacts with H2O,
·OH, SO4

·−, and hydrogen ion (H+) via

self-recombination to generate 1O2 (Eqs. 4–7) [41]. On the basis of

the quenching and PS utilization experiments, O2
·− was present in

the system. In addition, N2 and O2 purging experiments were con-

ducted to evaluate whether the conversion of dissolved O2 to O2
·−.

From Fig. 4g, the trivial impact of N2 and O2 revealed that 1O2 did

not stem from dissolved oxygen. In other respects, the structure

defect can create dangling σ bond, then avoid the π-conjugated

electron from being restricted by the edge carbon atom, as a result

creating a delocalized electrons region [52]. This delocalized elec-

trons from geometric defects can be migrated to PS, resulting in

peroxy bond cleavage of PS and the formation of 1O2. The change

of defect degree was characterized by Raman spectrum before and

after activation. The orders of ID/IG values followed by 0.9738 (used

CSB-750) < 0.9910 (raw CSB-750), which signified the consump-

tion of defective sites during the catalysis (Fig. S13 in Supporting

information). Hence, it was ascertained that 1O2 originated from

the conversion of O2
·− and direct PS activation by structure de-

fects.
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Fig. 5. (a) Repeated SMX degradation and catalyst regeneration; (b) SMX removal rate for each cycle; S 2p (c) and B 1s (d) XPS spectra for raw CSB-750, used CSB-750 and

recalcined CSB-750; (e, f) Raman spectrum of raw and recalcined CSB-750 and after each cycle. Reaction conditions: [SMX]=20mg/L, [PS]=0.5mmol/L, [CSB-750]=0.2 g/L,

initial solution pH 5.05.

Apart from 1O2, the direct electron transfer is other plausible

nonradical pathway in the realization of organic matter mineral-

ization [53,54]. In the electron transfer process, the carbon materi-

als act as electron channels to transfer two electrons from organics

(electron donor) to PS (electron acceptor). The low electrochemical

impedance and good conductivity of carbonaceous materials sup-

port receiving the electron from the aromatic pollutants. To assess

the electron transfer process, Linear Scanning Voltammetry (LSV)

was measured in different systems: only CSB-750, CSB-750/PS, and

CSB-750/PS/SMX. The maximum oxidation currents were recorded

at 1.6V and generalized in Table S7 (Supporting information). As

shown in Fig. 4h, the oxidation currents for CSB-750 and CSB-

750/PS systems were 0.40mA and 0.84mA, respectively. However,

when PS and SMX were simultaneously added, the electrochemi-

cal currents were improved by 1.36 times (1.14mA) as compared

to the CSB-750/PS system (0.84mA). This case proved the occur-

rence of electron transfer process in CSB-750/PS/SMX system. In

order to further certify the proposed point, quenching experiments

using NaClO4 (10mmol/L) as electron scavenger were carried out

(Fig. 4i). Compared to the control, the addition of NaClO4 gave rise

to moderate kobs reduction from 0.1679 min–1 to 0.0677 min–1.

This was another strong evidence existing the electron transfer.

Moreover, the electrochemical impedance spectroscopy (EIS) for

CS-750, CB-750, and CSB-750 as well as the open circuit potential

(OCP) in the process of PS activation have been examined (Text S6

and Fig. S14 in Supporting information). The tested results show

that a better electron transfer capacity for CSB-750 and the forma-

tion of metastable complex C-S2O8
2–∗ in the process of PS activa-

tion.

The stability test of CSB-750 was conducted through consecu-

tive reaction cycles. The degradation performance dramatically de-

clined after three cycles from 98.7% (1st) to 70.3% (2nd) and 36.5%

(3rd) (Figs. 5a and b). This reduction might result from catalyst

deactivation. Firstly, compared with the XPS spectra of fresh and

used CSB-750, the proportion of thiophene S dropped from 80.30%

to 34.32%, while oxidized sulfur (C-SOx-C) enhanced from 19.70%

to 65.68% (Fig. 5c and Table S3). Likewise, the total amount of

BC3 +BC2O had a reduction from 57.35% to 27.15% (Fig. 5d and Ta-

ble S4). The above results indicated that thiophene S and BC3/BC2O

were converted into C-SOx-C and BCO2 during PS activation pro-

cess. Furthermore, after activation, the increased O content (5.30%

to 12.37%) also supported the above-mentioned transformation on

the side (Table S2). These findings provided direct proof that thio-

phene S, BC3 and BC2O were the active sites for PS activation. Sim-

ilar results were also stated in other related literature [22,55].

Apart from the loss of the active groups, more elaborations

were adopted to detect the defective degree variation of catalyst

before and after oxidation (Figs. 5e and f). The defect degree of

carbocatalysts decreased sequentially after each cycle, with ID/IG
values of raw CSB-750 (0.9910) > 1st CSB-750 (0.9787) > 2nd CSB-

750 (0.9738) > 3rd CSB-750 (0.9704). It should be pointed out

that structural defects were the well-accepted sites in catalytic PS

for 1O2 production [56]. Therefore, the decrease in defective de-

gree after catalysis was responsible for the deactivation. In addi-

tion, the SBET orders of used CSB-750 (631.67 m2/g) < raw CSB-

750 (822.23 m2/g) showed the catalyst coverage by intermedi-

ates/parent SMX, which was not conducive to the exposure of ac-

tive sites, consequently leading to the catalyst deactivation (Table

S1). Furthermore, the XPS and Raman spectra of CS-750 and CB-

750 before and after reaction were tested. In Fig. S15 (Support-

ing information), the thiophene S content of CS-750 after reaction

decreased from 49.79% to 39.87%. Similarly, the total BC3 +BC2O

amount of CB-750 after reaction decreased from 6.80% to 3.48%.

The variation of the defect degree before and after oxidation was

also tested. The ID/IG values of CS-750 and CB-750 decreased from

0.9646 to 0.9430, 0.9453 to 0.9398, respectively. Therefore, thio-

phene S, BC3/BC2O, and structural defects were both proved to be

the active sites in PS activation.

To be excited, thermal annealing (at 700 °C for 2h under N2

atmosphere) could recover the catalytic activity of CSB-750. In this

occasion, this value was 98.3% (0.1662 min–1) for the 4th cycle, and

pretty close to 98.7% (0.1679 min–1) for the 1st run. By analyzing

7
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Scheme 1. Mechanism of PS activation on CSB-750.

the XPS spectra of used and re-calcined CSB-750, the proportion of

thiophene S and total BC3 +BC2O increased from 34.32% to 88.57%,

and 27.15% to 54.68%, respectively (Figs. 5c and d). On the con-

trary, heat treatment reduced the content of C-SOx-C and BCO2

from 65.68% (used CSB-750) to 11.43% (re-calcined CSB-750), and

72.85% (used CSB-750) to 45.32% (re-calcined CSB-750), respec-

tively. These might be attributed to the transformation of C-SOx-

C to thiophene S and BCO2 to BC3/BC2O. As similar to the vary-

ing tendency of thiophene S and BC3/BC2O, the ID/IG value and

SBET also became larger accordingly, as described by re-calcined

CSB-750 (0.9893 and 696.59 m2/g) > used CSB-750 (0.9738 and

631.67 m2/g) (Fig. 5e and Table S1). Briefly speaking, this reversible

conversion regarding thiophene S-oxide (C-SOx-C), BC3/BC2O-BCO2,

structural defects, and SBET collaboratively contributed to the de-

activation and regeneration of catalyst. Again, the thiophene S,

BC3/BC2O, and structural defects were proved to be the active sites

for PS activation.

Coupled with the above results, the possible catalytic mecha-

nism was proposed in Scheme 1. Firstly, boron containing a vacant

p orbital acted as Lewis acid site to strengthen the PS adsorption

onto carbon surface, forming the CSB-750-S2O8
2– complex (de-

scribed in Texts S6 and S7, Figs. S14 and S16 in Supporting infor-

mation) [23]. Thiophene S served as the Lewis basic site to transfer

electrons to the electrophilic oxygen of the CSB-750-S2O8
2– com-

plex, resulting in the breakage of the O–O bond into HO2
– and

SO4
2– (Eq. 1) [4]. Similar activation process might happen between

BC3/BC2O and CSB-750-S2O8
2– (Eq. 2) [57]. A subsequent reaction

HO2
– with S2O8

2– generated SO4
·− and O2

·− (Eq. 3) [41]. One part

of SO4
·− reacted with H2O to form ·OH (Eq. 4) [58]. The resulting

O2
·− applied as the precursor to react with SO4

·−, ·OH, and H+ via

self-recombination, getting non-radical species 1O2 (Eqs. 5-7) [41].

In view of previous researches, the structure defects on carbona-

ceous materials could act as reactive sites and thus mediate PS to

generate 1O2 (Eq. 8) [56]. Finally, the graphitized carbon as elec-

tron transfer channels to transfer two electrons from SMX to PS,

namely direct electron transfer pathway (Eq. 9) [43]. These reac-

tive species attacked SMX to generate intermediates, then a further

oxidization formed sulfate, nitrate, acetate, CO2 and H2O. To sum

up, both thiophene S, BC3 and BC2O as active sites catalyze CSB-

750-S2O8
2– complex to produce SO4

·−, ·OH and O2
·−, in which the

transformation of O2
·− produces partial 1O2; an additional origin of

1O2 assigns to the direct catalysis of persufate by structural defects.

Reactive oxygen species, like SO4
·−, ·OH, O2

·− and 1O2 were both

involved in CSB-750/PS/SMX system. 1O2 dominated SMX degrada-

tion. SO4
·−, ·OH, and electron transfer played the minor role.

Carbonsurface-C-S-C + S2O
2−
8 + 2H2O →

Carbonsurface-C-SOX-C + HO−
2 + 2SO2−

4 + 3H+ (1)

Carbonsurface-BC3/BC2O + S2O
2−
8

+ 2H2O →
Carbonsurface-BCO2 + HO−

2
+ 2SO2−

4
+ 3H+ (2)

S2O
2−
8 + HO−

2 → SO2−
4 + SO•−

4 + O•−
2 + H+ (3)

SO•−
4 + H2O → •OH + HSO−

4 (4)

2O•−
2 + SO•−

4 → 1O2 + SO2−
4 (5)

2O•−
2 + •OH → 1O2 + HO− (6)

O•−
2 + O•−

2 + 2H+ → 1O2 + H2O2 (7)

C-Defect + S2O
2−
8 + 2H2O → 2SO2−

4 +1O2 + 4H+ (8)

S2O
2−
8 + 2e− → 2SO2−

4 (9)

CO2−
3 + O•−

2 → CO•−
3 + O2−

2 (10)

CO•−
3 + O•−

2 → CO2−
3 + O2 (11)

As for boron, benefiting from the lower electronegativity than

carbon and electron-deficient property (a vacant p obital), the in-

corporation of B can change the charge density and electronic

structure of carbon network. Specially, sulfur possesses a larger

atomic radius than carbon, which can create structural defects in

carbon lattice. Theoretically, coupling of S and B can not only mod-

ulate the electronic characteristics by tailoring spin and charge

density, but also fabricate structural defect active centers. Further-

more, the formed B- or S-containing functionalities in the carbon

matrix, including thiophene-S, BC3, and BC2O, are the potential re-

active sites in PS activation. As shown in Table S8 (Supporting in-

formation), the introduction of S and B not only bring multiple ac-

tive functional groups (thiophene S, BC3/BC2O), but also increase

the defect sites and specific surface area, as certified by CSB-750

(0.9910 of ID/IG, 822.23 m2/g) > CS-750 (0.9646, 486.15 m2/g) and

CB-750 (0.9453, 563.82 m2/g). One concludes that the coupling of

S and B is a plausible strategy to enhance the catalysis.

Fig. S17 (Supporting information) exhibited the effect of various

water backgrounds, including Cl–, H2PO4
–, SO4

2–, NO3
–, and humic

acid (HA) towards SMX degradation in CSB-750-activated PS sys-

tem. In order to exclude the indirect influence of pH change im-

posed by the addition of these components, the initial solution pH

was analyzed and listed in Table S9 (Supporting information). Ex-

cept for CO3
2– (initial pH of 10.98), all the pH values (4.73–8.73)

were lower than 11 (causing substantial inhibition effect), ruling

out the effect of pH. As depicted in Fig. S17a, the addition of Cl–,

H2PO4
–, SO4

2–, and NO3
– brought about slight inhibition on degra-

dation efficiency. Compared with the control (0.1679 min–1), the

kobs reduced to 0.1591 min–1 (Cl–), 0.1329 min–1 (H2PO4
–), 0.1519

min–1 (SO4
2–), and 0.1352 min–1 (NO3

–) (Fig. S17b). According to

related document, four anions could consume free radicals (·OH
and SO4

·−) to form new radical species, for instance Cl·− (2.4V),

Cl2
·− (2.0V), HOCl·− (1.48V), and NO3

·− (2.0–2.2V) (Text S8 and

Eqs. S1-S8 in Supporting information) [59]. These newly emerged

radical substances commonly possess less oxidative ability relative

8
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to ·OH (1.8–2.7V) and SO4
·− (2.5–3.1V), consequently undermin-

ing SMX degradation. The subtle influence by these anions were

further revealed that radical pathway was involved, but exerted a

minor contribution. In contrast, the presence of HA caused a pre-

dictable degradation inhibition (98.7% to 84.5%; 0.1679 min–1 to

0.0789 min–1). There were two factors accounting for this situa-

tion: (1) HA as a representative organic matter can capture radi-

cals, leading to low ROS utilization for SMX oxidation, and (2) the

attached HA on catalyst surface can cover the catalytic reaction

sites, resulting in the loss of active sites and low oxidation effi-

ciency [60].

However, a great inhibition effect occurred upon the addition

of CO3
2– and HCO3

–. With this regard, the removing efficiency de-

clined from 98.7% to 55.2% for CO3
2– (0.0355 min–1) and 72.6%

for HCO3
– (0.0605 min–1) (Figs. S17c and d). The reasons behind

the severe inhibition were investigated in detail here. As far as we

know, CO3
2– can act as a typical scavenger of superoxide radicals

(O2
·–), which works as the precursor of singlet oxygen (1O2) (Eqs.

10 and 11) [45]. It could be presumed that CO3
2– induced inhi-

bition effect was related to the decreased content of 1O2 in the

reaction system. This hypothesis was confirmed by quenching and

in-situ EPR analysis. One was clearly discovered that these triplet

signals almost became half after adding CO3
2– (Fig. S17e), detected

at 5 and 10min). In addition, considering the initial pH of CO3
2–

added system was 10.98, which was close to the pH (10.95) that

could suppress SMX degradation. Thus, to be exclusive of pH inter-

ference, the extra degradation experiment was performed at ini-

tial pH of 8.98. As shown in Fig. S17c, the removal performance at

pH 8.98 (80.9% and 0.0646 min–1) was better than that at pH 11

(55.2% and 0.0355 min–1) (Fig. S17d), indicating strong basic sur-

rounding (pH 11) rendered an adverse role for SMX degradation.

Overall, the CO3
2–-induced inhibition effect was as a result of the

cooperation of pH and quenching O2
·–.

To monitor the real water matrix, the degradation experiments

were exploited using tap water (collected from Dongguan Univer-

sity of Technology), lake water (obtained from Dongguan Pine Lake

misty rain-SSL), and diluted landfill leachate (Figs. S17f and g).

SMX was added to the diluted landfill leachate to get 0.2mg/L and

0.5mg/L solution. The concentration of SMX in tap and lake wa-

ter were both 20mg/L. In comparison with the control experiment

(deionized water), a certain degree of inhibition indeed appeared

in the landfill leachate. But there still remained 62.6%−69.7% re-

moval of SMX at the concentration of 0.2–0.5mg/L. In particular,

SMX removal rate from tap and lake water was as high as 94.3%

and 92.3%, respectively. These above results witnessed the excel-

lent prospect of CSB-750 in actual wastewater remediation.

Besides SMX, the degradation behaviors of other contaminants,

for instance bisphenol A, ciprofloxacin, rhodamine B, and sulfa-

monomethoxine, were also investigated. As shown in Fig. S17h,

quite swift removal (100%) could be found for rhodamine B and

bisphenol A within 2min. Within 30min, the removal rate of

ciprofloxacin and sulfamonomethoxine attained 85% and 91%, re-

spectively. In addition, it was found that CSB-750 showed excellent

activation effect on PMS (86.5% removal), but could not efficiently

catalyze H2O2 to degrade SMX (Fig. S17i). These results indicate

that the CSB-750 is a promising catalyst in removing organic con-

taminants.

The mineralization degree was investigated by total organic car-

bon (TOC) analysis (Fig. S18 in Supporting information). The TOC

removal rate was up to 81.4% within 30 min, indicating an efficient

mineralization into non-hazardous CO2 and H2O. To figure out the

degradation pathways, the degradation intermediates were mea-

sured by liquid chromatograph-mass spectrometer (LC-MS). Tables

S10 and S11 (Supporting information) listed the molecular struc-

ture of degradation intermediates and the related fragments ac-

cording to m/z values and previous reports. The MS and MS2 spec-

trum were illustrated in Fig. S19 (Supporting information). A total

of ten intermediates were identified, and nine possible degradation

pathways (A-I) were put forward (Fig. S20 in Supporting informa-

tion).

In pathway A, an electrophilic addition between ·OH and

electron-rich aniline resulted in hydroxylation product P1

(m/z=268.03967 [M−H]–) [61]. For pathway B, it could be

involved in the C-S bond cleavage and follow-up oxidation by

SO4
·−, ·OH or 1O2 to get intermediate P2 (m/z=108.04432

[M+H]+) [62]. In pathway C, 1O2 attacked the amino group

(-NH2) on the benzene ring to form hydroxylamine-substitutional

intermediate P3 (m/z=268.03967 [M−H]–). Subsequently, the

-NH–OH unit could be further oxidized by 1O2 to produce the

-nitroso group, simultaneously accompanying the production of

intermediate P4 (m/z=266.02365 [M−H]–) (pathway D) [63]. As

similar to pathway B, the nitrosobenzene P5 (m/z=108.04432

[M+H]+) was formed by the C–S bond cleavage between benzene

ring and sulfone (pathway E) [63]. In pathway F, the C–S bond

cleavage and follow-up hydroxylation reaction in SMX generated

sulfamic acid intermediate P6 (m/z=176.99721 [M−H]–) [64].

The intermediate P6 endured one-step hydrolysis reaction with

S–N bond breakage, resulting in sulfuric acid P7 (m/z=96.95994

[M−H]–) and aminated-isoxazole intermediate P9 (m/z=99.05549

[M+H]+), as illustrated in pathway G and G-2 [65]. The similar

hydrolysis process also happened in pathway H, in return achiev-

ing sulfonic acid P8 (m/z=156.01216 [M−H]–) and P9 [2]. For

pathway I, the intermediate P10 (m/z=156.01054 [M+H]+) was

as a result of dehydrogenation and isomerisation of P8 [66]. The

intermediates obtained from the various pathways underwent

further oxidation to produce sulfate (m/z=96.95994 [M−H]–),

nitrate (m/z=61.98828 [M−H]–), acetate (m/z=59.01383 [M−H]–),

CO2 and H2O (m/z=60.99306 [M−H]–) (detected in the acid form).

Toxicity evaluation software was used to simulate the tox-

icity of degradation intermediates with the aid of quantitative

structure-activity relationship (QSAR) mathematical model [67].

The evaluation variables comprised of the acute toxicity of the

half-lethal dose (LD50) (96h) oral rat, developmental toxic-

ity, and mutagenicity. These calculated results were provided

in Fig. S21 and Table S12 (Supporting information). Although

the predicted acute toxicity value of degradation intermediates

(383–4279mg/kg) were lower than that of SMX (7206mg/kg),

the LD50 of most intermediates were still within the low-toxic

(200–2000mg/kg) or nontoxic (more than 2000mg/kg) criteria

(Fig. S21a). Thus, these formed intermediates would not harm the

environment. Distinctive from the acute toxicity, the developmen-

tal toxicity presented a downward trend, as certified by the lower

toxicity value of intermediates (0.36–0.90, exclusive of P2) than

that of parent SMX (0.91) (Fig. S21b). Even the intermediates P5,

P7, P9 and P10 were predicted to be developmentally nontoxic.

Seemingly, the mutagenicity of partial intermediates (P5 and P9)

became slightly higher, but most intermediates (P1, P3, P4, P6 and

P7) were not mutagenic (Fig. S21c). The above calculation results

revealed that the toxicity still existed in a few intermediates after

catalytic oxidation. It is necessary to prolong the reaction time to

realize full mineralization of SMX into CO2 and H2O as much as

possible.

The toxic effect of the CSB-750/PS system on Chlorella were

also evaluated (Figs. S21d and S22, Text S9 and Table S13 in

Supporting information). In the counterpart group T2 contain-

ing pure SMX solution, the growth inhibition percentage of

Chlorella was as high as 83.1% after incubation for 96h. While

the inhibition proportion decreased to 8.9% in the experimental

group T3, which was cultivated by the degraded SMX solution.

This case demonstrates that CSB-750/PS system can reduce the

SMX toxicity and exhibited potential application in contaminant

detoxification.
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In summary, S,B-co-doped carbon materials were successfully

synthesized using one-step pyrolysis with sodium lignosulfonate,

boric acid, and sodium chloride. The pseudo-second-order and

Langmuir models fitted well for the adsorption process. The as-

prepared CSB-750 exhibited superior activity in activating PS for

SMX degradation. 98.7% removal and 81.4% mineralization could

be obtained within 30min. The rate constant (kobs) was up to

0.1679 min–1, corresponding to 22.38- and 279.83-folders higher

than that of solo S-doping CS-750 (0.0075 min–1) and single B-

doping CB-750 (0.0006 min–1), respectively. The CSB-750/PS sys-

tem manifested excellent adaptability over a wide pH range of 3–

9. Thiophene sulfur, BC3, BC2O, and structural defects were deter-

mined to be the reactive sites in activating PS. Radical and non-

radical pathways were both involved in CSB-750/PS/SMX system,

in which 1O2 dominated the degradation, SO4
·−/·OH/direct elec-

tron transfer exerted the minor contribution, and O2
·− acted as

the precursor for the production of partial 1O2. Depending on the

reaction intermediates, nine possible degradation pathways were

proposed and the toxicity of the degradation system presented a

certain degree of decline. Furthermore, other pollutants, such as

bisphenol A, ciprofloxacin, rhodamine B, and sulfamonomethoxine,

could also be degraded effectively by CSB-750/PS system. These

findings demonstrated that S and B co-doping is indeed a feasible

and efficacious approach to enhance the catalysis.
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