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[30_TD$DIFF]A B S T R A C T

Activated persulfate oxidation is an emerging advanced oxidation process for organic pollutant
degradation. Own to different molecular structures and oxidation potentials, persulfate (PDS) and
peroxymonosulfate (PMS) may show different degradation performances due to various catalytic
mechanisms even by the same catalysts. In this study, the nitrogen-doped mesoporous carbon (N-OMC)
was applied to activate PDS and PMS for degrading a model organic pollutant phenol to reveal their
activationmechanisms. Results show that both PDS and PMS could be efficiently activated byN-OMC. The
degradation of phenol fitted well with pseudo-first-order kinetics, whose kinetic constants increased
with the increase of pH, PDS/PMS dosage, and N-OMC dosage. Based on quenching experiments and
electron spin resonance spin-trapping technique, the N-OMCwas found to activate PDS and PMS via non-
radical process of electron transfer and singlet oxygen formation, respectively, instead of the commonly
observed radical process. This workwill be useful to understand the activation processes of PDS and PMS,
and benefit for the development of catalysts for pollutant degradation.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Hydroxyl radical (
�
[31_TD$DIFF]OH) based advanced oxidation processes

(AOPs), e.g., Fenton reaction, are the most widely studied methods
for the removal of organic contaminants from wastewater due to
their excellent performances [1,2]. Compared with

�
[31_TD$DIFF]OH, sulfate

radical (SO4
��
[32_TD$DIFF]) has compelling advantages with a higher oxidation

potential and a longer half-life period [3]. Thus, the degradation of
organic pollutants using SO4

��,[32_TD$DIFF] which can be generated by
activating persulfate (PDS) or peroxymonosulfate (PMS), has
raised increasing attention in recent years [4,5]. Various catalysts
have been developed for PDS and PMS activation, including metal-
based and non-metallic catalysts [6–9]. The non-metallic catalysts
have recently attracted more attention because of their low cost,
environment-friendly nature, and easy-to-design surface chemis-
try and pore structure [10]. In particular, the carbon nanotubes,
graphene, diamond, activated carbon, and mesoporous carbon
have been investigated in PDS or PMS activation for pollutant
degradation [11–15]. However, the activation mechanisms of PDS
or PMS obtained fromprevious studies sometimes are inconsistent
and still need further exploration.
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Generally, the activation of PDS and PMS is a radical oxidation
process, but increasing evidence has also shown that it may be a
non-radical oxidation process [13–17]. For example, some carbon-
based catalysts, such as carbon nanotubes [13], mesoporous
carbon [14], graphite diamond [15], benzoquinone [16], and
quinone [17], have been found to activate PDS or PMS via non-
radical process, including electron transfer process or singlet
oxygen (1O2) formation. The non-radical oxidation process will
have a higher reactivity to target pollutants in complex water
matrices since the free radicals aremore susceptible to solutionpH,
inorganic and organic matters inwastewater [9]. Furthermore, it is
more effective to attack electron-rich pollutants via electron
transfer and 1O2 process [18,19]. Thus, the non-radical oxidation
process broadens the application of PDS and PMS in wastewater
treatment.

However, most previous studies only investigated the activa-
tion of sole PDS or PMS in the carbon-based catalyst systems. Since
PDS and PMS have different molecular structures and oxidation
potentials [4], it is speculated that they might also have different
activation mechanisms by the same carbon-based catalysts. A few
studies have observed that PDS and PMS had different perform-
ances in pollutant degradation after activation by the same catalyst
[12,13]. Therefore, it is essential to reveal the differences in PDS and
PMS activation mechanisms by using the same catalyst.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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In this work, the nitrogen-doped mesoporous carbon (N-OMC)
was synthesized to activate PDS and PMS. Compared with other
carbonmaterials, themesoporous carbon owns a large surface area
and unique mesoporous structure, which will favor the activation
of PDS and PMS. Previous study indicated that the mesoporous
carbon could enhance PDS activation via non-radical process, e.g.,
electron transfer [14]. Doping N in graphitic carbonmaterials could
generate active sites to mediate PMS for 1O2 formation [20]. Thus,
the mesoporous carbon functionalized with nitrogen doping is
expected to activate PDS and PMS via different activation
mechanisms. To verify this conjecture, phenol was used as a
model organic pollutant. The effects of solution pH, PDS/PMS
dosage, and N-OMC dosage on the degradation of phenol were
assessed. The activation mechanisms for PDS and PMS were
revealed to understand the different activation processes for PDS
and PMS.

The N-OMC was synthesized as described previously [21,22].
Briefly, the silica template (SBA-15) was generated with pluronic
123 and ethyl orthosilicate as carbon and silicon sources,
respectively. Afterward, 0.6 g SBA-15 was added to a mixture of
aniline (0.5 [33_TD$DIFF]mL) and 1 mol/L HCl (10 mL), and stirred for 15 [34_TD$DIFF]min to
obtain solution I. Ammonium persulfate (1.25 [35_TD$DIFF]g) was dissolved in
2.23 [36_TD$DIFF]mL 1mol/L HCl to obtain solution II. The solution II was slowly
added to the solution I and stirred for 20 [37_TD$DIFF]h in an ice bath. The
product was then dried at 60 �C, and the obtained solid powder
was calcined and graphitized at 900 [38_TD$DIFF]

�C (heating rate 3 �C/min) for 4
h in N2 atmosphere. The obtained product was desilicated twice in
2mol/L NaOH solution at 80 [39_TD$DIFF]

�C, washed with distilled water, and
dried under the ambient condition to generate N-OMC.

The transmission electron microscope (TEM) images of N-OMC
were characterized using a TEM instrument (JEM-2011, JEOL Co.,
Japan). The surface chemistry and element chemical states of
N-OMC were analyzed by X-ray photoelectron spectroscopy (XPS)
(ESCALAB250, Thermo Fisher Inc. U. [40_TD$DIFF]S. A.). The porosity and specific
surface area were measured using the Brunauer-Emmett-Teller
(BET) method with a Builder 4200 instrument (Tristar II 3020 [41_TD$DIFF]M,
Micromeritics Co., U. [40_TD$DIFF]S. A.).

All degradation experiments of phenol by PDS or PMS activated
by N-OMC were conducted in a 100 [42_TD$DIFF]mL beaker at room
temperature (23 � [43_TD$DIFF]1 �C) and stirred at 800 rpm. The effects of
[(Fig._1)TD$FIG]

Fig. 1. Effects of PDS concentration (a), PMS concentration (b), N-OMC dosages (c, d), a
system. Experimental condition: [phenol] = 0.2mmol/L.
N-OMC and PDS/PMS concentrations as well as solution pH on
phenol degradation were investigated. The working solution was
60 [44_TD$DIFF]mL containing 0.2 mmol/L phenol, 66.7 mmol/L phosphate
buffer solution (PBS) (pH 4.5, 5.9, 7.0, 8.0, or 9.2), N-OMC (0.03,
0.07, or 0.1 [45_TD$DIFF]g/L), and PDS/PMS (0.2, 0.5, or 1.0 [46_TD$DIFF]mmol/L). Prior to PDS
or PMS addition, the mixture of phenol and N-OMC in PBS was
stirred for 10min to reach adsorption equilibrium. The liquid
samples were periodically collected and quickly filtered through
0.22 [47_TD$DIFF]mm membrane filter. The concentration of phenol was
detected using high-performance liquid chromatography (HPLC).
All the degradation experiments were performed in duplicate.

The degradation of phenolwas described using the pseudo-first-
order kinetic model (Eq. [48_TD$DIFF]1).

lnC0/Ct = kt (1)

where C0 and Ct (mmol/L) were the concentrations of phenol at
the initial time and time t (min), respectively; k (min�1) was the
pseudo-first-order kinetics constant obtained through Eq. [49_TD$DIFF]1.

To reveal the PDS and PMS activation mechanism by N-OMC for
phenol degradation, quenching experiments and electron spin
resonance (ESR) spin-trapping technique were performed to
identify the potential reactive species involved during the
activation process. In the quenching experiments, 400 [50_TD$DIFF]mmol/L
methanol, 180 mmol/L tert-butanol (TBA), or 10 [51_TD$DIFF]mmol/L furfuryl
alcohol (FFA) were used as the quenching agents. Methanol is a
quenching agent for both SO4

��
[52_TD$DIFF] and

�
OHwith similar reaction rates

(k�OH = 9.7� 108m�1s�1, kSO4
�� = 1.1�107m�1s�1) [23]. In contrast,

TBA is regarded as
�
[54_TD$DIFF]OH quenching agent since its reaction rate with

�
[55_TD$DIFF]OH (k�OH = 6 � 108m�1s�1) is much higher than that with SO4

��
[56_TD$DIFF]

(kSO4
�� = 4�105m�1s�1) [23]. FFA is a quenching agent to

determine whether 1O2 was formed [24]. ESR measurements
were conducted using an electron spin resonance instrument (JES-
FA200, JEOL Co., Japan). The 5,5-dimethyl-1-pyrrolidine n-oxide
(DMPO) was used as a spin trapping agent to detect

�
[57_TD$DIFF]OH and SO4

��,
and 2,2,6,6-tetramylpiperidine (TEMP) was applied to detect 1O2

[25]. The linear sweep voltammetry (LSV) was employed to verify
the electron transfer process using an electrochemical workstation
(CHI660E, Chenhua Instrument Co., China) with a three-electrode
cell. The N-OMC-modified glassy carbon electrode, Ag/AgCl, and Pt
nd solution pH (e, f) on the degradation of phenol in N-OMC/PDS or N-OMC/PMS
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were used as the working, reference, and counter electrodes,
respectively. The LSV was measured at a scan rate of 0.5 [58_TD$DIFF]mV/s in
66.7 mmol/L phosphate buffer solution (pH 7.0).

The concentration of phenol was determined by Agilent 1260
Infinity HPLC instrument equipped with Agilent Eclipse Plus C18
chromatographic column (4.6 [59_TD$DIFF]mm ID � 250 mm, 5 mm particle
size) and a diode array detector (set at 210 nm). The mobile phase
was a mixture of acetonitrile and water (3:7, v/v) at a flow rate of
0.8 [60_TD$DIFF]mL/min. The variations of PDS and PMS concentrations in the
degradation process were detected by UV-2600 spectrophotome-
ter (Shimadzu, Japan) at 352 nm based on the iodometric titration
method [14]. To reveal the mineralization of phenol by PDS and
PMS activated byN-OMC, total organic carbon (TOC) concentration
during phenol degradation was determined by a TOC analyzer
(multiN/C 2100, Analytik Jena, Germany).

TheBETsurfaceareaofN-OMCwas1021.3m2/g.BasedontheTEM
image (Fig. S1a in Supporting information), the N-OMC had a
relatively clear pore structurewith striated arrangement,whichwas
similar to the morphology of other mesoporous carbon materials
reported previously [14]. The XPS spectrum (Fig. S1b in Supporting
information) demonstrates that N element was successfully doped
into the N-OMC. The N-OMChad a hysteretic curve in the P/P0 range
of 0.7�0.8 with an average pore size of 5.6 nm based on the
isothermal curve (Fig. S1c in Supporting information) and adsorp-
tion curve (Fig. S1d in Supporting information).

As shown in Fig. 1, the phenol could not be removed in the
control experiments without N-OMC addition, demonstrating that
sole PDS or PMS could not degrade phenol. About [61_TD$DIFF]20% phenol was
removed by 0.1 g/L N-OMC in the absence of PDS or PMS, which
was owed to the adsorption by N-OMC. After PDS or PMS was
dosed, the removal efficiencies increased sharply to [62_TD$DIFF]77%–100% for
PDS system (Fig. 1a) and [63_TD$DIFF]56%–98% for PMS system (Fig. 1b). Given
that N-OMC/PDS system could degrade phenol more efficiently,
the mineralization of phenol by N-OMC/PDS was further assessed. [64_TD$DIFF]
18% of TOC could be removed by N-OMC (0.1 [65_TD$DIFF]g/L) adsorption
(Fig. S2 in Supporting information). In the N-OMC/PDS system, the
[(Fig._2)TD$FIG]

Fig. 2. Effects of MeOH (400 [25_TD$DIFF]mmol/L), TBA (180 mmol/L), and FFA (10 mmol/L) additio
spectra of (c) PDS and (d) PMS activated by N-OMC. Experimental conditions: [phenol
TOC content of phenol was removed by [66_TD$DIFF]51% (including adsorption)
within 5 [67_TD$DIFF]min (Fig. S2), indicating that the N-OMC/PDS system
could efficiently mineralize/adsorb phenol.

The dosages of PDS or PMS could influence the phenol
degradation ([68_TD$DIFF]Figs. 1a and b). The degradation kinetics constants
k (Table S1 in Supporting information) increased from 1.59 [69_TD$DIFF]min�1

to 5.58 min�1 for PDS and from 0.0313 [70_TD$DIFF]min�1 to 0.232 min�1 for
PMS with the increase of their concentrations from 0.2 [71_TD$DIFF]mmol/L to
1.0 mmol/L, respectively. Increasing N-OMC dosage also could
promote phenol degradation (Figs. 1c and d). The degradation
kinetics constant k (Table S1) increased from 0.285 [72_TD$DIFF]min�1 to 5.58
min�1 for PDS and from 0.0812 [73_TD$DIFF]min�1 to 0.232 min�1 for PMSwith
the increase of N-OMC dosages from 0.03 [74_TD$DIFF]g/L to 0.10 g/L,
respectively. Furthermore, under the same conditions, the
degradation kinetics constants of phenol by PDS were 3.5–50.8
folds higher compared with those by PMS, indicating PDS was
more efficient for phenol degradation activated by N-OMC.

The effect of solution pH on N-OMC activation for phenol
degradation was shown in [68_TD$DIFF]Figs. 1e and f. The degradation kinetics
constant k (Table S1) increased from 1.40 [75_TD$DIFF]min�1 to 6.63min�1 with
pH increased from 4.5 to 8.0, and then remained constant with pH
further increased to 9.2 in the N-OMC/PDS system (Fig. 1e). In
contrast, the degradation kinetics constant k remained relatively
constant in pH range of 4.5–7.0, and then increased remarkably
with pH further increase to 9.2 in the N-OMC/PMS system (Fig. 1f,
Table S1). In the N-OMC/PDS system, the degradation kinetics
constant of phenol increased with the increase of pH, which was
attributed to that PDS could be activated easier at alkaline pH [14].
In the N-OMC/PMS system, the enhanced removal of phenol at
pH> 8.0 was probably because the phenolic compounds could be
degraded by PMS alone via the singlet oxygen pathway at alkaline
pH (e.g., pH 8 or 9) [26,27]. Thus, the higher removal of phenol in
the N-OMC/PMS system at pH> 8.0 might be attributed to the
synergistic effects of both alkaline and catalyst activation. The
different trends of phenol degradation with pH implied that the
activation of N-OMC for PDS and PMS might be different.
n on the degradation of phenol in (a) N-OMC/PDS or (b) N-OMC/PMS systems. ESR
] = [26_TD$DIFF]0.2 mmol/L, [N-OMC] = 0.1 g/L, [PDS or PMS] = 1 mmol/L, and pH 7.0.
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Generally, the main mechanisms of activating PDS or PMS for
pollutant degradation include radical (e.g., generation of SO4

��
[52_TD$DIFF] and

�
OH) and non-radical (e.g., electron transfer or 1O2 generation)
oxidation processes. Quenching experiments were carried out to
determine the possible reactive species involved in phenol
degradation. As shown in Fig. 2a, the degradation of phenol by
PDSwas not inhibitedwith addition ofmethanol, TBA, or FFA. Their
degradation kinetics constants [76_TD$DIFF](6.23–6.61min�1, Fig. S3 in
Supporting information) of phenol were similar to that of the
control group, indicating that PDS could not be activated byN-OMC
to generate SO4

��,[77_TD$DIFF]
�
OH, or 1O2. It was speculated that electron

transfer might be the major activation mechanism of PDS by
N-OMC. In contrast, in the N-OMC/PMS system, FFA addition
greatly inhibited phenol degradationwith the degradation kinetics
constant decreased from 0.431 [78_TD$DIFF]min�1 to 0.029 min�1 (Fig. 2b).
Since PMS could be depleted by FFA, in order to prove thatmost FFA
was involved in quenching 1O2 rather than depleting PMS, the
degradation of PMS in the presence of 10mmol/L FFA was
determined. Only about [61_TD$DIFF]20% of PMS was removed after 20 [79_TD$DIFF]min
at 10 mmol/L FFA (Fig. S4 in Supporting information). Meanwhile,
FFA can inhibit the degradation kinetics constant of phenol by [80_TD$DIFF]93%
in the quenching experiment (Fig. 2b). Thus,most FFAwas involved
in 1O2 quenching rather than PMS depletion. The TBA had little
inhibited effect on phenol degradation (Fig. 2b). Moreover,
methanol slightly inhibited phenol degradation, which might be
due to that methanol could react with PMS slightly [28]. These
results indicated that PMS could be activated by N-OMC mainly to
generate 1O2 instead of SO4

��
[52_TD$DIFF] and

�
OH. Thus, the activation

mechanisms of PDS and PMS by N-OMC were different.
To confirm the phenomenon observed in the quenching

experiments, DMPO (capturing SO4
��
[52_TD$DIFF] and

�
OH) and TEMP

(capturing 1O2) were used as spin-trapping agents for ESR
detection. As shown in Fig. 2c, no characteristic peaks of
DMPO�OH (hyperfine splitting of αH = αN = 14.9 G) or DMPO-SO4

(hyperfine splitting of αH = 9.6 G, αH = 1.48 G, αN = 0.78 G, and
αN = 13.2 G) [24] were observed in the N-OMC/PDS system,
confirming that SO4

��
[52_TD$DIFF] and

�
OH were not generated. Instead, six

characteristic peaks of DMPOX [29], whichwas oxidized derivative
of DMPO, was observed in the N-OMC/PDS system. This proved
that SO4

��
[52_TD$DIFF] and

�
OH were not produced in N-OMC/PDS

system. Similarly, the characteristic peaks of DMPOX were also
observed in the N-OMC/PMS system, proving that SO4

��
[52_TD$DIFF] and

�
OH

were not generated in the N-OMC/PMS system (Fig. S5 in
Supporting information). Meanwhile, some characteristic peaks
generated by the reaction of TEMP and 1O2 (hyperfine splitting of
αN = αN = αN = 16.9 G) [30] were observed in the N-OMC/PMS
system (Fig. 2d), confirming that N-OMC could activate PMS via 1O2

generation.
[(Fig._3)TD$FIG]

Fig. 3. Variations of (a) PDS and (b) PMS concentrations during phenol degradatio
PMS] = 1 mmol/L, and pH 7.0.
The concentrations of PDS and PMS during the reaction process
were also monitored. As shown in Fig. 3a, the PDS content
remained unchanged in the phenol solution in the absence of
N-OMC, while it decreased by about [81_TD$DIFF]10% in the first 10 min after
N-OMC addition and then remained relatively level in the absence
of phenol. The decrease in PDS concentration was probably due to
its adsorption onto N-OMC. This result indicates that N-OMC alone
could not catalyze PDS decomposition in the absence of phenol,
which was similar to the previous study [12]. In contrast, in the
presence of phenol and N-OMC, PDS content decreased continu-
ously with the reaction time. Our results have indicated that the
degradation of phenol in the N-OMC/PDS system was an electron
transfer process without radical generation (e.g., SO4

��
[32_TD$DIFF]). Specifi-

cally, N-OMC acted as an electron transport channel, transporting
electrons from the electron donor (phenol) to the electron acceptor
(PDS). During this process, PDS gained electrons to form SO4

2� and
phenol lost electrons to be oxidized. Thus, without phenol, PDS
could not be decomposed and its concentration remained
unchanged with time.

The LSV was employed to further confirm the electron transfer
mechanism. The current increase was negligible with the addition
of PDS or phenol alone. However, the current increased signifi-
cantly when PDS and phenol were added simultaneously, verifying
the presence of the electron transfer in the N-OMC/PDS system
(Fig. S6 in Supporting information). However, the PMS content
decreased continuously with the reaction time after N-OMC
addition with or without phenol (Fig. 3b). Thus, PMS would be
activated by N-OMC alone to produced 1O2 rather than SO4

��
[52_TD$DIFF] and

�
OH for phenol degradation.

This study observed two different catalytic mechanisms, i.e.,
electron transfer and 1O2 formation processes, for PDS and PMS
activation by N-OMC, respectively. Although both PDS and PMS are
persulphate oxides with O��O bonds, they are quite different in
molecular structure. The PDS is symmetric and less vulnerable
comparedwithPMS.Meanwhile, PDShas longerO��Obonds,which
are more likely to break down than PMS [13]. Moreover, they have
different oxidation potentials (i.e., PDS: E0 (S2O8

2�/SO4
2�) [82_TD$DIFF]= 1.96 V,

vs. NHE; PMS: E0 (HSO5
�/SO4

2�) [83_TD$DIFF]= 1.75 V, vs. NHE) [12]. Thus, the
different mechanisms might be attributed to their different
molecular structures and oxidation potentials of PDS and PMS,
andmoreworks are needed to investigate the difference in PDS and
PMS activation mechanisms.

In addition, the underlying mechanisms for different activation
processes of PDS and PMS by N-OMC could be attributed to N
doping, which probably altered the functional groups in OMC and
thus resulted in different activation mechanisms. It has
been reported that the N dopping could possess high electron-
transfer capacity and thus facilitate the electron transport between
n. Experimental conditions: [phenol] = [27_TD$DIFF]0.2 mmol/L, [N-OMC] = 0.1 g/L, [PDS or
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carbon-based catalyst and PMS [11]. In particular, the graphitic N
could activate PMS to produce 1O2 [20]. In the future,more analysis
and research should be carried out to prove the role of N in the
activation process of N-OMC/PDS and N-OMC/PMS systems.
However, different phenomena have been observed in the
literature of N doping catalyst. For example, the activation
mechanism of PDS and PMS remained as electron transfer process
by carbon nanotubes even after N doping [13]. These indicate that
structures of carbon materials could influence the activation
process for PDS and PMS activation. Future research is required to
explore the relationship of the activation mechanism with the
surface structure and element contents of carbon-based catalysts
for PDS and PMS.

Moreover, the degradation efficiencies via electron transfer and
1O2 formation processes generally vary significantly among
different pollutants [31–33]. For example, due to the electrophilic
nature, 1O2 can selectively oxidize organic pollutants, such as
pharmaceuticals and endocrine disruptor chemicals, in complex
water matrices [31,32], thus PMS activated by N-OMC could be
applied for the degradation of these pollutants. The electron-rich
organic contaminants (e.g., phenol, trichloroethylene, and chlor-
ophenols) could be easily degraded via the electron transfer
pathway [19,33], and thus PDS activated by N-OMCwould bemore
effective to remove these pollutants. This would provide a
reference for the application of PDS/PMS in water and wastewater
treatment based on the properties of target pollutants.

In summary, PDS and PMS could be efficiently activated by
N-OMC for phenol degradation via two different non-radical
processes, i.e., electron transfer and 1O2 formation. The degrada-
tion phenol by PDS and PMS was dependent on pH, PDS/PMS
dosage, and N-OMC dosage. The N-OMC activated PDS/PMS system
via non-radical process can serve as a promising treatment
technology for organic pollutant removal.
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