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a b s t r a c t

Metal-free heteroatom doped nanocarbons are promising alternatives to the metal-based materials in

catalytic ozonation for destruction of aqueous organic contaminants. In this study, N, S co-doped hol-

low carbon microspheres (NSCs) were synthesized from the polymerization products during persulfate

wet air oxidation of benzothiazole. The contents of doped N and S as well as the structural stability

were maneuvered by adjusting the subsequent N2-annealing temperature. Compared with the prevailing

single-walled carbon nanotubes, the N2-annealed NSCs demonstrated a higher catalytic ozonation activity

for benzimidazole degradation. According to the quantitative structure-activity relationship (QSAR) anal-

ysis, the synergistic effect between the graphitic N and the thiophene-S which redistributed the charge

distribution of the carbon basal plane contributed to the activity enhancement of the N2-annealed NSCs.

Additionally, the hollow structure within the microspheres served as the microreactor to boost the mass

transfer and reaction kinetics via the nanoconfinement effects. Quenching and electron paramagnetic res-

onance (EPR) tests revealed that benzimidazole degradation was dominated by the produced singlet oxy-

gen (1O2) species, while hydroxyl radicals (•OH) were also generated and participated. This study puts

forward a novel strategy for synthesis of heteroatom-doped nanocarbons and sheds a light on the rela-

tionship between the active sites on the doped nanocarbons and the catalytic performance.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The intensively discharged phenolic and nitrogen-contained

heterocyclic organic contaminants within the wastewater from

chemical, coking and pharmaceutical industries jeopardize the

health of both natural lives and human beings. Advanced oxida-

tion processes (AOPs) relying on the powerful generated reactive

species have been developed as the promising remediation tech-

nologies to completely destruct the aqueous organic contaminants

[1–3]. Among AOPs, catalytic ozonation processes have attracted

broad research interests and been widely exploited in the prac-

tical applications [4–6]. Metal-based heterogenous catalysts, espe-

cially the transition metal-based ones, such as MnO2, CoFe2O4 and

MnO2/rGO have been proved as highly reactive for O3 activation

[7–9]. The redox cycles originated from multi-valence states and
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the rich surface acidic sites on the transition metal-based catalysts

facilitate the adsorption of O3 molecules and their subsequent ac-

tivation to produce reactive oxygen species (ROS) for destruction

of contaminants [10,11]. However, the secondary pollution induced

by metal-leaching under the oxidative environment cannot be fully

avoided when metal oxides were used.

Metal-free carbocatalysts as the capable alternatives to the tran-

sitional metal oxides circumvent the metal leaching. Additionally,

the adjustable structures of the carbocatalysts offer a versatile plat-

form for tuning the reactivities [12,13]. Compared with bulky car-

bons such as activated carbon and biochar-based carbon materi-

als with micropore-dominant structure, nanocarbons with inherent

mesopores and macropores expediate the diffusion of both O3 and

the organics and thus accelerate their interactions with the active

sites [14,15]. Recent years, metal-free nanocarbons with different

dimensions have been synthesized and employed as the effective

ozonation catalysts for destructing the aqueous organic contami-
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Scheme 1. Synthesis route for NSCs.

nants [5]. It is revealed that the catalytic activities of the nanocar-

bons are closely related with their surface chemistry. Defective

sites and the surface oxygen functionalities are the key active sites

for interacting with O3 to produce ROS [16,17]. However, like the

metal-based catalysts, the surface chemistry even the carbon skele-

ton of the nanocarbons can be altered by the powerful oxidative

species during the catalytic ozonation reactions, resulting in the ir-

reversible passivation.

Doping metal-free heteroatoms within the nanocarbon struc-

ture can increase the reactivity and the stability [18,19]. Both the

charge and spin density of the carbon basal plane would be redis-

tributed owing to the differences in electronegativity and the ra-

dius between the incorporated heteroatoms and the C atoms [20].

As the result, different oxidation regimes would be initiated de-

pending on electron density distribution [21]. The synergistic ef-

fect arising from the co-doping different heteroatoms further reg-

ulates the charge distribution. Co-doping S atoms together with N

atoms enlarges the electron-sparse regions of the C atoms adjacent

to the doped N species, favoring the nucleophilic attack of the O3

[22]. Furthermore, the unbalanced electron distribution also serves

as the electron-mediator to protect the surface of the catalyst from

over-oxidizing by the oxidative species during the catalytic reac-

tions.

Herein, N and S co-doped hollow-structured carbon micro-

spheres (NSCs) were prepared from the polymers generated during

persulfate wet air oxidation (PWAO) of benzothiazole [23]. During

this process, both N and S atoms were in-situ doped within the

polymeric microspheres and their compositions were further reg-

ulated by the N2 annealing at different temperatures (Scheme 1).

Catalytic ozonation activities of the N2-annealed NSCs were evalu-

ated by utilizing benzimidazole (BMZ) as the target pollutants. The

influencing factors such as solution pH and inorganic anions on

catalytic performance were also investigated. The potential active

sites and their correlations with the catalytic activities were ana-

lyzed by a quantitative structure-activity relationship (QSAR) anal-

ysis. In addition, a combined study of quenching and electron para-

magnetic resonance (EPR) tests were performed to unveil the gen-

erated ROS and their possible roles in NSCs/O3 system for benzim-

idazole degradation.

During PWAO of benzothiazole under high temperature (160 °C)
and high pressure (5 MPa), hollow polymeric microspheres (NSC-

Poly) were formed along with degradation, with the average diam-

eter around 1 μm and the shell thickness of 200 nm (Fig. 1A). An-

nealing the NSC-Poly in N2 at elevated temperature (800–1000 °C)
maintained the hollow structure and the size of the microspheres

(Figs. 1B and C). High-resolution transmittance electron microscope

(HRTEM) observation in Fig. 1D further revealed that a greater

graphitization degree was achieved by annealing in N2 at 1000 °C
(NSC-1000) by detecting some quasi-graphene lattices formed at

the edge of the carbon shell.

The improvement of the graphitic degree after high-

temperature N2 annealing also reflected in the X-ray diffraction

(XRD) patterns (Fig. 2A). Compared with NSC-Poly, NSC-800 an-

nealing at 800 °C possessed a discernable characteristic (101)

diffraction peak for graphitic carbon. The appearance of the

characteristic C-N and C=S transmittance peaks in the Fourier

Fig. 1. SEM images of NSC-Poly (A) and NSC-1000 (B); TEM (C) and the correspond-

ing HRTEM observations (D) of NSC-1000.

Fig. 2. XRD patterns (A), FTIR (B), element compositions (C) and Raman (D) spectra

of the as-synthesized NSCs.

transform infrared spectroscopy (FTIR) suggested that both N and

S atoms were in-situ doped within the graphitic carbon lattice

(Fig. 2B) [22]. X-ray photoelectron spectroscopy (XPS) analysis

(Table S1 and Fig. S1 in Supporting information) and elemental

analysis (Fig. 2C) were then performed to reveal the variations

in the elemental composition of the NSCs after N2-annealing.

Compared with NSC-Poly, both XPS full surveys and the elemental

analysis suggested that N2 annealing significantly decreased the

compositions of S (from 18 wt% to 5–8 wt%), O (from 16 wt% to

∼ 4 wt%), and H (from 5 wt% to trivial) within the structure and

enhanced the C composition. Additionally, elevating the annealing

temperature further decreased both the N and S doping amounts.

Interestingly, for the N2 annealed NSCs, the slightly decreased

amount of the dopants did not reflect in the reduction of the

defective level as N2 annealing temperature increased. As illus-

trated in Raman spectra in Fig. 2D, NSCs annealing at different
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Fig. 3. High resolution XPS spectra on N 1s (A) and S 2p (B) surveys and the cor-

responding deconvolution results.

temperatures obtained similar intensity ratios of defective band to

graphitic band (ID/IG).

High resolution XPS surveys on C 1s, N 1s and S 2p of the NSCs

were performed and deconvoluted to investigate the detailed al-

terations in the surface chemistry under different treatments. For

high resolution XPS surveys on C 1s, less than 10% variations were

observed for sp2/sp3 ratios of N2 annealed NSCs (Table S2 and Fig.

S2 in Supporting information). Considering the large inherent er-

ror in deconvolution process, it is suggested that insignificant vari-

ations in defective levels of NSCs upon annealing at different tem-

peratures were observed, which were in line with the Raman re-

sults. Furthermore, trivial changes in surface oxygen functionalities

were discerned for the annealed NSCs. Different from C 1s species,

substantial variations occurred to the doped N species for NSCs

samples (Fig. 3A and Table S3 in Supporting information). After N2

annealing, the dominant doped N species in NSCs shifted from the

pyrrolic N to graphitic N. Additionally, further increasing the an-

nealing temperature resulted in the enhancement of the graphitic

N content. It is suggested that the high temperature annealing in

the inert atmosphere favored the transformation of pyrrolic N into

the graphitic N [24]. For doped S species, two main peaks were

observed in the high resolution XPS S 2p surveys (Fig. 3B and Ta-

ble S4 in Supporting information). The peak situated at 168.2 eV

could be assigned to C-SOx-C (x = 2, 3, 4) groups [25], and the

other peak can be deconvoluted into two characteristic peaks, cor-

responding to the S 2p1/2 and S 2p3/2 of the thiophene-S, respec-

tively [26]. Compared with NSC-Poly, the N2 annealed NSCs ob-

tained much reduced C-SOx-C contents, validating the significant

decrease in the S-doping amounts after N2 treatment. Meanwhile,

increasing the N2 annealing temperature enhanced the composi-

tion of S 2p1/2.

Adsorption tests were performed prior to investigate the cat-

alytic activities of the NSCs. NSCs displayed marginal adsorption

capacities towards the BMZ at the ambient pH of 6.7 (Fig. S3 in

Supporting information), though they obtained high specific sur-

face areas (Table S5 and Fig. S4 in Supporting information). The

charge difference between catalyst surface and the organics can

significantly affect the adsorption capacity [5]. In accordance with

the zeta potential measurements, the pH point of zero charges

(pHpzc) for NSC-Poly, NSC-800, NSC-900 and NSC-1000 were deter-

mined as 5.4, 4.6, 4.1, and 3.8, respectively. Decreasing the amount

of surface oxygen functionalities by elevating the annealing tem-

perature resulted in the abatement in pHpzc, which agrees with

our previous study [27]. With the ambient pH of 6.7, the surface of

the NSCs was negatively charged. Therefore, the resulted electro-

static repulsion between the surface of the catalyst and the depro-

tonated BMZ molecules (pKa of 5.5) hindered the adsorption pro-

cess. BMZ removal by ozonation alone was also set as the bench-

mark (Fig. S5 in Supporting information). Ozonation alone resulted

in the 80% BMZ within 60 min, giving rise to the pseudo-first or-

der reaction rate of 0.027 min−1 (Fig. 4A). Utilizing NSC-Poly as

the catalyst slightly increased the BMZ degradation efficiency with

reaction rate of 0.032 min−1. N2 annealing further improved the

catalytic ozonation activities of NSCs. Moreover, the catalytic per-

formance enhanced as the N2 annealing temperature increased. For

NSC-1000, complete BMZ degradation was achieved within 45 min,

resulting in a rate constant of 0.06 min−1. Compared with other

nanocarbons, the special hollow structure within the microspheres

facilitated the exposure of higher amount of the reactive sites

by enhancing the specific surface area. Furthermore, it created a

confined space which acted as the nano/micro reactors that ac-

celerated the mass and charge transfer and boosted the reaction

kinetics [28]. Catalytic ozonation activity of commercial-obtained

single-walled carbon tubes (SWCNTs) for BMZ degradation was

also evaluated and a pseudo-first order reaction rate constant of

0.049 min−1 was resulted. Therefore, the as-synthesized NSC-1000

as the byproducts of the PWAO treatments outperformed the cost-

intensive SWCNTs in BMZ degradation.

Mineralization rates of BMZ were further monitored by time-

dependent total organic carbon (TOC) abatements (Fig. S6 in Sup-

porting information). NSC-Poly demonstrated a poor structural sta-

bility under the oxidative environment created by O3 and the gen-

erated ROS, and an increased TOC was observed with the pro-

longed treatment time. N2 annealing helped the construction of an

outer graphitic shell which protected the attack of the oxidative

species and thus increased the structural integrity of the catalysts.

For NSC-1000, around 60% of the initial TOC was mineralized af-

ter 90 min. The robust structure of the N2 annealed NSCs was also

reflected by a high recyclability (Fig. 4B). A minor passivation was

observed in the 3rd usage when NSC-1000 as employed and the

catalytic activity could be recovered by a facile low-temperature

annealing process.

Defective sites within the nanocarbons have been regarded as

the potential active sites in catalytic reactions because they disturb

the homogeneity of the carbon skeleton and tune the electronic

status by the dangling bonds with unpaired electrons [5]. In this

study, although N2 annealing created higher number of defective

sites on NSCs compared with NSC-Poly, the N2-annealed samples

at different temperatures obtained similar ID/IG ratios, suggesting

the defective level might not be the predominant factor influenc-

ing the catalytic activities of the N2-annealed NSCs. Incorporating

N atoms within the carbon skeleton can drastically alter the charge

and spin density distribution around the doped area because of the

large electronegativity difference between N and C (3.04 vs. 2.55)

[29]. The edge-located pyridinic N and the graphitic N doping zone

were the potential active sites facilitating the O3 adsorption and

its subsequent dissociation into ROS [21,27]. And the catalytic ac-

tivities of the N-doped nanocarbons often demonstrated positive

correlations with the relative contents of the pyridinic N and/or

graphitic N. In this study, the surface N contents decreased with

the increase of the annealing temperature. Additionally, deconvolu-

tion results of the high resolution XPS surveys on N 1s suggested

that a higher amount of graphitic N was formed at the elevated

temperature. By correlating the relative graphitic N contents with

the pseudo-first order reaction rate constants, a good linearity was

observed for the fitted line, suggested the key role of graphitic N

(Fig. 4C). For S-doping, the relatively small difference in electroneg-

ativity between S and C (2.58 vs. 2.55) resulted in an insignifi-

cant charge redistribution; however, the S atom with a large ra-

dius could induce the deformation of the carbon skeleton when

incorporated, resulting in the positively charged in the adjacent C

atoms, especially for the thiophene-S [26]. The positively charged

adjacent C atoms favored the nucleophilic attack of the peroxide-

based oxidants and resulted in the nonradical pathway. The de-

tailed ROS generation will be discussed in the following section.
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Fig. 4. (A) Pseudo-first order reaction rate constants plot for BMZ degradation by different treatments. (B) Reusability and regeneration tests for NSC-1000. (C) Linear

regression fit between graphitic N contents and the pseudo-first order reaction rate constants for catalytic ozonation of BMZ with NSCs as catalysts. (D) Comparison of

pseudo-first order reaction rate constants of quenching tests in catalytic ozonation by NSC-1000 utilizing BMZ as the target pollutants. EPR spectra with DMPO (E) and TEMP

(F) as the spin trapping agents. Ozone flow rate: 100 mL/min; Ozone concentration: 25 mg/L; Catalyst loading: 0.1 g/L; Temperature: 25 °C; [BMZ]0: 50 mg/L; Concentration

of the scavengers: [MeOH]: 10 mmol/L, [HCO3
−]=[DMSO]=[FFA]: 1 mmol/L; Initial solution pH was adjusted to 6.7 by diluted H2SO4 and NaOH.

Therefore, N and S doping sites could initiate the synergistic ef-

fect that greatly accelerated the electron transfer process between

the surface of the catalyst and the adsorbed O3 molecules and pro-

moted the catalytic activity.

To investigate the possibly generated ROS and their contri-

butions to BMZ degradation, a combined scavenging and in-

situ electron paramagnetic resonance (EPR) tests were performed.

Methanol (MeOH) and bicarbonate anion (HCO3
−) were selected

as the •OH scavengers to quench the •OH in both bulk solution

and on the surface of the catalyst (k•OH = 9.7 × 108 L mol−1 s−1

and 8.5 × 106 L mol−1 s−1, respectively) [30-33]. As displayed in

Fig. 4D, marginal quenching effects were observed with the pres-

ence of these scavengers. Further increasing the MeOH dosage only

resulted in a slight increase in inhibitory effect (Fig. S7 in Sup-

porting information). These observations revealed the minor con-

tribution of free and surface-confined •OH to BMZ degradation. Af-

ter from •OH-based oxidation, some recent studies also reported

the nonradical oxidations of the organics based on the surface-

adsorbed activated species such as surface-absorbed O (∗Oad) and

surface-activated O3 complex [4]. Dimethyl sulfoxide (DMSO) pos-

sessing the high affinity towards the surface-adsorbed activated

species but recalcitrant to O3 attack (0.42 L mol−1 s−1) was added

to evaluate their possible contributions to BMZ degradation [34].

A similar reaction rate to that of addition of MeOH was achieved

when DMSO was involved within the catalytic oxidation, suggest-

ing that the insignificant role of surface-adsorbed activated species

in degrading BMZ. Singlet oxygen (1O2) with the moderate reduc-

tion potential (∼ 0.85 V) obtained the selective oxidation behav-

ior towards phenolic and unsaturated heterocyclic organics [35,36].

Addition of furfuryl alcohol (FFA) which obtains a fast reaction ki-

netic with 1O2 (1 × 108 L mol−1 s−1) resulted in a significant de-

crease in the reaction rate [37]. Noted that FFA is also an effective
•OH scavenger. Considering the minor inhibitory effect brought by

both the organic and inorganic •OH scavengers, the strong suppres-

sion effect with the addition of FFA mainly originated from the ef-

fect of 1O2.

In-situ EPR experiments utilizing 5,5-dimethyl-1-pyrroline

(DMPO) and 4-hydroxyl-2,2,6,6-tetramethyl-4-piperidine (TEMP)

as spin trapping agents were then conducted to unravel the types

of the generated ROS. Trace DMPO-•OH adducts with the hyperfine

splitting couplings aN = aH = 14.9 G were discerned for ozonation

alone (Figs. 4E and Fig. S8 in Supporting information). The involve-

ment of NSC-1000 as the catalyst enhanced the signal intensities

of the DMPO-•OH adducts, yet they were still significantly lower

than those produced by α-MnO2 which is a well-recognized

catalyst initiating •OH-based oxidations in catalytic ozonation

[38]. Furthermore, the much inferior catalytic ozonation activity

of α-MnO2 to that of NSC-1000 indicated that •OH was not the

dominant ROS in NSC-1000/O3 system for BMZ degradation (Fig.

S9 in Supporting information). Superoxide radical (HO2
•/O2

•−)
was also detected with the appearance of characteristic signal of

DMPO-•OOH adducts. However, the recalcitrant BMZ is unlikely to

be degraded by HO2
•/O2

•− because of its weak oxidation capacity

[39]. HO2
•/O2

•− is more possibly to act as the key radical chain

reaction intermediate for generating and evolving into other ROS.

4-hydroxyl-2,2,6,6-tetramethyl-4-piperidine (TEMP) prepared in

MeOH solution was used as the spin trapping agent for 1O2

detection by eliminating the influence of •OH [40]. Compared

with ozonation, catalytic ozonation with the presence of NSC-1000

drastically boosted the signal intensity of the triplet TEMPO signals

(aN = 16.9 G), suggesting a greater amount of 1O2 was produced

(Fig. 4F). Additionally, the as-resulted TEMPO signal intensity

for NSC-1000/O3 system was higher than that in α-MnO2/O3

system. Combining with the results of the quenching tests, it

was thus proposed that 1O2 was the dominant ROS for BMZ

degradation.

Previous efforts suggested that graphitic N would induce a non-

radical oxidation process based on the electron transfer between

the adsorbed O3 and the organic pollutants [21,41]. In this study,

the co-doped S might further influence the charge and spin dis-

tribution of the carbon basal plane, creating a more electron-

deficient zone on the adjacent C atoms due to the electronega-

tivity and radius differences between the doped heteroatoms and

the C atoms. Therefore, O3 favored the nucleophilic attack on the

electron-deficient zone and resulted in the formation of 1O2 [42].

On the other hand, other active sites with unpaired and lone-pair

electrons such as the defective sites and the pyridinic N sites can
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also initiate the radical-based oxidation pathways, though at low

yield.

Apart from HCO3
−, effects of the other inorganic anions which

extensively exist in the real wastewater on catalytic performance

were investigated (Fig. S10). The presence of Cl− (10 mmol/L) as

the •OH scavenger (k•OH = 4.3 × 109 L mol−1 s−1) suppressed the

BMZ degradation efficiency and the resulted rate constant was less

than those with the addition of MeOH and HCO3
−. It is suggested

that Cl− can also react with 1O2 and O3 to form the secondary

chlorine species such as Cl• and Cl2
•− with inferior oxidation abil-

ities and thus reduced the degradation efficiency [43]. SO4
2− has

also been reported as the •OH quenching agent and the addition of

which gave rise to similar decreased rate constant to that of HCO3
−

[43]. The presence of PO4
3− and NO3− slightly hindered the degra-

dation efficiency. Apart from acting as the radical scavengers, these

inorganic anions increased the ionic strength of the reaction solu-

tion and declined both solubility and mass transfer rate of O3.

Effect of solution pH on BMZ degradation efficiency was also in-

vestigated utilizing the most reactive NSC-1000 as the catalyst (Fig.

S11 in Supporting information). A general trend can be observed

that increasing the solution pH resulted in the increase of both

ozonation and catalytic ozonation treatment efficiency. The rate

constant ratio of catalytic ozonation to ozonation alone enhanced

from 1.27 to 2.83 as the solution pH elevated. Meanwhile, greater

TOC mineralization rates were achieved at alkaline solution pH

(Fig. S11 in Supporting information). A “substrate-dependent” ox-

idation behavior of the generated ROS during the catalytic ozona-

tion for degradation of the organics has been revealed by the pre-

vious studies [27,41]. The produced 1O2 with moderate oxidation

ability would selectively attack the phenolic and the heterocyclic

organics with unsaturated structures, while the generated •OH fa-

vored the destruction of aliphatic acids and was responsible for

the abatement of TOC. Therefore, the increased TOC mineralization

rates at elevated pH ranges can be ascribed to the enhanced pro-

duction of •OH originated from alkaline activation of O3. Further-

more, the boosted generation of •OH might also induce the syn-

ergistic effect for the enhanced production of other ROS and thus

improved the degradation efficiency.

In summary, N and S co-doped hollow carbon microspheres

were successfully synthesized via catalytic polymerization process

of benzothiazole during the PWAO and the compositions of doped

N and S were tuned by the N2 annealing. Compared with the NSC-

Poly, the N2-annealed NSCs obtained improved catalytic ozonation

activities for BMZ degradation and greater structural stabilities. The

synergistic effect between the graphitic N and the thiophene-S re-

distributed the charge density of the carbon basal plane and in-

duced the 1O2-dominant oxidation pathway.
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