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ABSTRACT: Metal-free carbonaceous materials, including
nitrogen-doped graphene and carbon nanotubes, are emerging
as alternative catalysts for peroxymonosulfate (PMS) activa-
tion to avoid drawbacks of conventional transition metal-
containing catalysts, such as the leaching of toxic metal ions.
However, these novel carbocatalysts face relatively high cost
and complex syntheses, and their activation mechanisms have
not been well-understood. Herein, we developed a novel
nitrogen-doped carbonaceous nanosphere catalyst by carbon-
ization of polypyrrole, which was prepared through a scalable
chemical oxidative polymerization. The defective degree of
carbon substrate and amount of nitrogen dopants (i.e.,
graphitic nitrogen) were modulated by the calcination
temperature. The product carbonized at 800 °C (CPPy-F-8) exhibited the best catalytic performance for PMS activation,
with 97% phenol degradation efficiency in 120 min. The catalytic system was efficient over a wide pH range (2−9), and the
reaction of phenol degradation had a relatively low activation energy (18.4 ± 2.7 kJ mol−1). The nitrogen-doped carbocatalyst
activated PMS through a nonradical pathway. A two-step catalytic mechanism was extrapolated: the catalyst transfers electrons to
PMS through active nitrogen species and becomes a metastable state of the catalyst (State I); next, organic substrates are oxidized
and degraded by serving as electron donors to reduce State I. The catalytic process was selective toward degradation of various
aromatic compounds with different substituents, probably depending on the oxidation state of State I and the ionization potential
(IP) of the organics; that is, only those organics with an IP value lower than ca. 9.0 eV can be oxidized in the CPPy-F-8/PMS
system.

■ INTRODUCTION

Persulfate (peroxydisulfate (PDS) or peroxymonosulfate
(HSO5

, PMS)) is playing an emerging role in advanced
oxidation processes because it can be activated to readily
produce highly reactive sulfate radicals (SO4

•, oxidation
potential is 2.5−3.1 V versus normal hydrogen electrode) over
a wide range of solution pHs (2−8).1 Similar to Fenton’s
reaction, coupling persulfate and transition metal ions (Co2+,
Mn2+, Fe2+, etc.) is an effective strategy by which to produce
SO4

•, and PMS has attracted increasing attention due to its
high efficiency to degrade organic pollutants.2,3 Considering the
potential toxicity and secondary pollution of dissolved metal
ions, there is growing interest to develop heterogeneous metal-
containing catalysts to activate PMS, including metal oxides
(Co3O4, Mn2O3, CuO, etc.), metal organic frameworks
(MOFs), and a myriad of supported metallic catalysts.4−10

However, despite their high efficiency for activating PMS, the
leaching of toxic metal ions remains a significant concern.

Recently, metal-free catalysts for PMS activation, such as
carbon-,11 boron-,12 and sulfur-based13 materials, are becoming
an important research topic. Among these metal-free catalysts,
nitrogen-doped carbonaceous materials, such as N-doped
reduced graphene oxide (N-rGO), carbon nanotubes (N-
CNTs), and nanodiamonds, have been investigated.14−16 N-
rGO was reported to activate PMS and degrade phenol as
efficiently as Co3O4 or α-MnO2.

17 In addition, sulfur and boron
can also be introduced into nitrogen-doped carbonaceous
materials to further improve catalytic performance due to the
modulation of chemical properties and creation of new active
sites.17−19 Generally, these N-doped materials are prepared by
surface modification and thermal treatment with external
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nitrogen sources, such as ammonium nitrate, urea, and
melamine, increasing synthesis complexity.
The activation of PMS usually involves the generation of free

radicals such as SO4
• and •OH. However, a nonradical PMS

activation pathway, in which organics can be degraded in the
absence of radicals, has also been reported recently.20,21

Specifically, benzoquinone was reported to activate PMS to
produce singlet oxygen (1O2) rather than radicals for the
degradation of sulfamethoxazole.22 This process widens the
application of PMS in decontamination without the worry
about radical scavengers in a complex environment. In
heterogeneous catalytic systems using carbocatalysts, the
mechanisms (radical versus nonradical) of PMS activation
remains controversial.23,24 Wang et al. found that SO4

• and
•OH were produced in an N-doped graphene (NG)/PMS
system and played a vital role in phenol degradation.25

Furthermore, Duan et al. claimed that SO4
• and •OH were

responsible for phenol degradation using nitrogen-modified
nanodiamonds as catalysts for PMS activation based on
electron paramagnetic resonance (EPR) measurements, and
theoretical calculations showed that the prolonged O−O bond
of adsorbed PMS on the catalyst surface favored the generation
of radicals.16 Nevertheless, recently, Liang et al. identified 1O2

after the activation of PMS by NG and proposed it as the main
nonradical species for organic degradation.26 Lee et al.
proposed that a nonradical mechanism was involved in phenol
oxidation, in which persulfates and phenol were likely to form a
charge-transfer complex on the surface of graphited nano-
diamond.27 More commonly, nonradical activation was found
to coexist with radical pathways in PMS activation by

carbonaceous materials.27−29 Generally speaking, the mecha-
nism of nonradical activation pathway of PMS remains blurred
and largely unexplored.
Polypyrrole (PPy) is a nitrogen-containing conducting

polymer. Due to its high electrical conductivity, electrochemical
activity and chemical stability, PPy has become a promising
material for supercapacitors.30,31 Currently, PPy-derived carbon
materials are widely used as lithium-ion battery anodes,32

capacitors,33 and electrocatalysts for oxygen reduction reac-
tions.34 The introduction of nitrogen into carbon matrix can be
directly achieved by the pyrolysis of PPy without addition of
any nitrogen-containing precursor.35 The in situ generation of
nitrogen dopants in PPy-derived carbon would result in
relatively high contents of active sites and lead to enhanced
performance in catalytic applications.
Herein, N-doped carbonaceous nanosphere catalysts were

developed by carbonization of PPy, a source of both carbon and
nitrogen, and their catalytic performance of PMS activation for
organics removal was evaluated for the first time. The catalysts
exhibited excellent catalytic activity over a wide range of
solution pH values and displayed selective degradation for
different aromatic compounds via the activation of PMS. A two-
step catalytic mechanism is proposed in which the catalyst
produces a metastable state through the transfer of electrons to
PMS and subsequently reacts selectively with organics with
different ionization potentials.

■ EXPERIMENTAL SECTION

Synthesis of Catalysts. The catalysts were made by
carbonization of precursor PPy nanospheres (PPy-F), which

Figure 1. SEM images (insets: HRTEM images) of (a) PPy-F and (b) CPPy-F-8. (c) XRD patterns and (d) FT-IR spectra of PPy-F and CPPy-F-T.
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were synthesized through a scalable chemical oxidative
polymerization method (a detailed synthesis procedure can
be found in Text S1). Briefly, PPy-F was heated at 350 °C for 2
h and further calcined at different temperatures for 2 h in a
tubular furnace under an argon atmosphere (Ar flow rate was
100 mL/min, and ramping rate was 2 °C/min). Next, the
samples were rinsed with deionized water and ethanol several
times and dried. The final products are referred as CPPy-F-T, in
which T represents the calcination temperature (T = 7, 8 and 9,
corresponding to 700, 800, and 900 °C, respectively).
Characterization of the as-prepared samples is described in
Text S2.
Activity Evaluation. Phenol was selected to evaluate the

catalytic activity of the catalysts, and Oxone (2KHSO5·KHSO4·
K2SO4, J&K Scientific Ltd.) was used as the source of PMS. In a
typical experiment, the reaction was initiated by addition of 0.1
g of Oxone (0.325 mmol PMS) to phenol solution (100 mL)
containing 0.01 g of catalyst. The reaction system was kept in a
water bath at 25 °C. At certain intervals, 0.5 mL of sample was
withdrawn and filtered into a high-performance liquid
chromatography (HPLC) vial containing 0.5 mL of methanol
to terminate the catalytic reaction. The concentration of phenol
was analyzed by HPLC (LC-2010AHT, Shimadzu). To
investigate the mechanism of catalytic reactions, several other
organic compounds were also tested (listed in Table S1, with
detailed HPLC analytical conditions). EPR measurement was
carried out on a Bruker ELEXSYS 580 spectrometer to detect
free radicals during the PMS activation using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO, 98%, Adams Reagent Co., Ltd.) as
the spin-trapping agent. The determination of PMS concen-
tration in reaction solution was conducted based on a modified
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt (ABTS) method, as we previously reported.36

■ RESULTS AND DISCUSSION
Characterization of Catalysts. PPy-F features nanosphere

morphology with a diameter of ca. 86 nm (Figure 1a). The
triblock polymer (P123) was used to enhance the solubility of
pyrrole monomers under a mild condition and improve the
production of PPy. Sphere-like micelles can spontaneously
form in P123 aqueous solution, and pyrrole monomers tend to
enter the interior of the micelles and polymerize into
nanospheres.37 CPPy-F samples after carbonization possess
similar morphologies to the precursor PPy-F but with coarser
surfaces and slightly smaller particle sizes (Figures 1b and S1)
because of the thermal break of chemical bonds in the
carbonization process. From the inset HRTEM images, fringes
can be clearly identified at the margins of the samples after
carbonization, which indicates the partial graphitization of
amorphous carbon at high temperatures.38

The XRD pattern of PPy-F (Figure 1c) only shows a broad
band at 2θ = 25°, indicating typical nanostructured polymers
with a low degree of crystallinity.39 However, those of CPPy-F-
T samples exhibit two bands at around 25° and 43.5°, which
can be assigned to the (0 0 2) and (1 0 0) planes of carbon,
respectively, suggesting the graphitization of the samples.40 In
spite of the slight increase of the intensity of the two typical
bands with the rising calcination temperature, the graphitization
degree is still at a low level because of the intrinsic hard carbon
property of PPy. Figure 1d shows the Fourier transform
infrared (FT-IR) spectra of PPy-F and CPPy-F samples. In the
spectrum of PPy-F, typical peaks of PPy, such as the in-plane
bending vibration of C−H and C−N at 1330 and 1047 cm−1,41

the stretching vibration of C−N−C at 1199 cm−1,42 and the
asymmetrical and symmetrical stretching vibrations of C−C at
1560 and 1477 cm−1,43 can be explicitly identified. However,
the above-mentioned peaks of PPy almost disappear and some
new peaks emerge after carbonization. The peak at 1590 cm−1

is attributed to the stretching vibration of C=N and C=C, and
the peaks at 1240 and 1102 cm−1 are assigned to the stretching
vibration of C−N.44,45 The results indicate that nitrogen is
successfully doped into the carbon substrate, while oxygen and
hydrogen are mostly removed during calcination.
Raman analyses were carried out to further investigate the

structural defects of the carbon substrate of the carbonized
products (Figure S2a). The integrated intensity ratio (ID/IG) of
the D band (1363 cm−1) and the G band (1572 cm−1) is
known to reflect the defective degree in carbon lattice and is
estimated to be 1.90, 1.93, and 2.05 for CPPy-F-7, CPPy-F-8,
and CPPy-F-9, respectively. The ID/IG value grows greatly for
CPPy-F-9, implying the cleavage of chemical bonds and
simultaneous reconstruction of carbon substrate, as well as
nitrogen doping, during thermal treatment.44 In addition,
CPPy-F-8 has the highest BET specific surface area (74.9 m2

g−1) among the samples (Figure S2b and Table S2). The PPy
chain would decompose at high temperature, creating more
edges and fractures. However, the collapse and sintering of
carbonaceous materials may occur when the temperature is too
high, which has an adverse effect on pore structures. CPPy-F-T
samples consist mainly of mesopores with average pore
diameter in the range of 3.3−3.6 nm, determined based on
the Barrett−Joyner−Halenda model.
The changes in chemical composition of the synthesized

materials were studied by XPS analyses. XPS survey spectra
(Figure 2a) reveal that PPy-F and its corresponding carbonized

products are mainly composed of C, N, and O. In addition, Cl
dopant from oxidant used in polymerization can also be found
in PPy-F but is almost completely removed after annealing.
During the polymerization process, pyrrole monomers form
radical cations and react with water molecules through
nucleophilic reaction,46 where oxygen is introduced and the
atomic ratio of oxygen reaches 10.4%. However, the oxygen
contents drop sharply to 4.9%, 4.1% and 4.1% for CPPy-F-7,
CPPy-F-8, and CPPy-F-9, respectively, due to the decom-

Figure 2. (a) XPS survey of PPy-F and its carbonized products. (b) N
1s spectrum of CPPy-F-8. (c) Contents of four nitrogen species.
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position of oxygen-containing functional groups. Deconvolu-
tion of the O 1s spectra (Figure S3) reveals three peaks
corresponding to C−O (532.2 eV), O−C=O (533.6 eV), and
C=O (530.5 eV),45 and ketonic groups account for a minor
proportion (5.6−7.2%) of all oxygen functional groups.
The nitrogen species in PPy-F are dominated by pyrrolic N−

H (399.6 eV), along with −N= (397.8 eV), −N+ (400.4 eV),
and =N+ (401.5 eV) (Figure S4a).47 Nevertheless, as the high-
resolution XPS N 1s spectra of CPPy-F-T show (Figures 2b
and S4b), significant changes of nitrogen species have taken
place after calcination at high temperatures. The ratio of
pyrrolic N is reduced, and graphitic N (400.9 eV) and pyridinic
N (398.2 eV) form and become dominant.48,49 The formation
of nitric oxide (402.0 eV) can also be discerned.28 During the
annealing, the reconstruction of N and C atoms leads to the
transformation from pyrrolic N to a more thermostable
structure consisting of graphitic and pyridinic N. Moreover,
the C−N bond is more vulnerable during the high-temperature
process due to its lower binding energy (305 kJ mol−1) than
that of C−C bond (379 kJ mol−1), and the cleavage of C−N
bonds derived from rearrangement of carbon framework causes
the partial loss of nitrogen (Figure 2c).50 The N contents
decrease from 7.6% (CPPy-F-7) to 4.4% (CPPy-F-9) with the
elevation of calcination temperature, and CPPy-F-8 owns the
highest graphitic N content (2.7%) among the three carbonized
samples (2.3% for CPPy-F-7 and 1.8% for CPPy-F-9).
Catalytic Degradation of Phenol. The catalytic activities

of the carbonaceous materials were evaluated by activation of
PMS for degradation of phenol in aqueous solution (Figure
3a). PMS did not oxidize phenol without the assistance of

catalysts. Similarly, no significant decrease in phenol concen-
tration was observed when CPPy-F-8 is applied alone,
indicating poor adsorption of phenol onto the catalyst. Phenol
was effectively removed in the presence of both PMS and
CPPy-F-8, with a removal efficiency of 97% achieved in 120
min. In contrast, when a nitrogen-free carbonaceous material,
CGlu (product of hydrothermal treatment and carbonization of
glucose, detailed synthesis procedure given in Text S3), was
used as catalyst, phenol removal was negligible. Furthermore,
the residual iron species in the carbonized samples are trace

(about 0.06 wt % according to graphite furnace atomic
absorption spectroscopy measurement) and cannot be detected
by XPS (Figure S5). The homogeneous catalytic activation of
PMS by Fe2+ using the same quantity of iron in the catalysts
was also ineffective (Figure S6).
PPy-F fails to activate PMS to degrade phenol, while after

calcination, the CPPy-F-T samples are all capable of activating
PMS (Figure 3a). This suggests that pyrrolic N in a five-
membered heterocyclic ring, the main nitrogen species in the
precursor PPy-F, is not the active site for catalytic reactions.
During calcination, the surface of the carbon substrate is
graphitized and nitrogen dopants are formed (Figure 2b),
making the N-doped carbon an effective catalyst for PMS
activation. Among the carbonized products, CPPy-F-8 exhibits
the highest catalytic activity and phenol removal efficiency over
2 h (97%), followed by CPPy-F-9 (92%) and CPPy-F-7 (73%).
High calcination temperatures facilitate the formation of
crystalline carbon (Figure 1c) and modulate the doped nitrogen
species (Figure 2c), enhancing the catalytic performance of
PMS activation. When the calcination temperature reaches 900
°C, the abundance of nitrogen dopants and the specific surface
area decrease, which adversely effects the catalytic reactivity.
However, more defects are created on the carbon substrate, as
indicated by the Raman spectra, which favors PMS activation.51

Therefore, the catalytic activity of CPPy-F-9 only decreases
moderately compared with that of CPPy-F-8.
The effect of solution pH was investigated below 9 because

PMS would be activated by base under strong basic conditions
(pH ≥ 10).52 Phenol degradation by CPPy-F-8 increases
notably from pH 9 to pH 5 but only slightly when pH further
decreases to 2.8 (Figure 3b). This is consistent with the change
in the ζ-potential of the catalyst (Figure S7). A similar trend
was obtained for CPPy-F-9 (Figure S8) and in previous reports
on metal-free catalysts.53 This could be attributed to the
protonated nitrogen species, which make the catalyst surface
covered with positive charge and facilitate the interaction
between the catalyst and negatively charged PMS (HSO5

).
Overall, the CPPy-F-8/PMS system effectively degrades phenol
over a wide range of pH values (2−9), outperforming
conventional Fenton or Fenton-like reactions.54,55 Moreover,
the result is also superior to cobalt-mediated PMS activation, in
which the formation of critical species CoOH+ is greatly
suppressed at relatively acidic conditions.56 CPPy-F-8 is a
versatile catalyst that could also effectively activate PDS to
eliminate phenol with 91% efficiency in 120 min (Figure 3c).
The slightly inferior performance of PDS is probably due to the
symmetric structure of PDS, which is more difficult to activate.3

However, almost no phenol degradation occurred when H2O2
was used as the oxidant. The bond energy of O−O in H2O2
(213 kJ mol−1) is much higher than that in persulfate (e.g., PDS
(140 kJ mol−1)), which may be the reason for the hindered
catalytic activation.57 Elevated temperature plays a trivial role in
accelerating phenol degradation in the CPPy-F-8/PMS system
(Figure 3d). The apparent activation energy (Ea) is estimated
to be 18.4 ± 2.7 kJ mol−1 according to the Arrhenius equation,
which is lower than those reported modified carbonaceous
catalysts such as N-rGO (31.6 kJ mol−1),44 N-CNT (36.0 kJ
mol−1),28 and NS-CNT (46.3 kJ mol−1).58 The low Ea value
may indicate an efficient reaction process as discussed in the
next section.

Catalytic Process Mechanism. Quenching experiments
were carried out to explore the mechanism of PMS activation
and phenol degradation. Ethanol (EtOH) with α-H is a radical

Figure 3. (a) Phenol removal under different conditions. The effects of
(b) initial pH, (c) various oxidants, and (d) temperature on phenol
degradation using CPPy-F-8 ([phenol]0 = 20 mg L−1, [oxidant]0 =
3.25 mM, [catalyst] = 0.1 g L−1, initial pH = 2.8, T = 25 °C).
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scavenger for both •OH (k = (1.2−2.8) × 109 M−1 s−1) and
SO4

• (k = (1.6−7.7) × 107 M−1 s−1), while tert-butanol
(TBA) without α-H is an effective quenching agent for •OH (k
= (3.8−7.6) × 108 M−1 s−1) but not for SO4

• (k = (4.0−9.1)
× 105 M−1 s−1).16,36,59−61 Both quenching agents were used in
the CPPy-F-8/PMS system (Figure 4a). When the mole ratio

of quenching agent to PMS reaches 1000:1, phenol degradation
is still not deterred, and 85% and 66% phenol can be eliminated
in 120 min in the presence of EtOH and TBA, respectively.
Moreover, phenol degradation performance in the presence of
EtOH is better than that in the presence of TBA, which is an
opposite outcome to that expected from the widely accepted
radical pathway of PMS activation by metal ions.62

One possible explanation is that free radicals are generated
and bonded on the surface of the carbonaceous catalyst during
the activation process. TBA is more hydrophobic than EtOH
and has a stronger affinity with the catalyst to quench the free
radicals, resulting in a poorer phenol degradation perform-
ance.59 To clarify this assumption, ibuprofen, which can be
efficiently oxidized by the attack of •OH and SO4

•,36,63 was
selected as a probe in the same catalytic system (Figure 4b).
When adsorption equilibrium was achieved (0 min), 17%
ibuprofen was removed, indicating a better adsorption ability
than that of phenol. However, ibuprofen removal was
inappreciable after PMS was added (only 12% removal in
120 min). Furthermore, EPR measurement was also employed
to detect the presence of •OH and SO4

• (Figure S9). In the
spectrum of CPPy-F-8/PMS system, the signals of DMPO−
OH and DMPO−SO4 were barely identifiable. A 1:1:1 triplet
was detected, which could be ascribed to an oxidation product
of DMPO.64 These results show that PMS decomposition to
free radicals mediated by the electron-rich groups in the catalyst
(such as ketonic groups) and sp2 hybridized carbon framework
plays a minor role; PMS activation and organic degradation in
the CPPy-F-8/PMS system are mainly induced through a
nonradical pathway.51,53,65 In addition, phenol degradation is
only slightly reduced in the presence of furfuryl alcohol (Figure

S10), a scavenger of singlet oxygen, suggesting the minor
contribution of 1O2 in organic degradation.
Figure 4c depicts the decomposition of PMS under different

conditions. PMS decomposition is negligible (less than 3% in
120 min) in the mixture solution of phenol and PMS, while
quick consumption of PMS (19% in 120 min) occurs with the
addition of CPPy-F-8, which corroborates the insignificant
interaction between phenol and PMS and the key role of the
catalyst. Furthermore, PMS decomposes on CPPy-F-8 by 12%
even without phenol, suggesting an interaction between PMS
and CPPy-F-8. The sp2-hybridized graphitic N possesses lone
pair electrons, forming delocalized conjugated π systems with
sp2-hybridized carbon frameworks.66 Moreover, the higher
electronegativity enables nitrogen to abstract electrons from
adjacent carbon atoms.67 Accordingly, graphitic N has higher
electron cloud density and can serve as active sites to activate
and break O−O bond in PMS through electron transfer,
resulting in the decomposition of PMS. After being “oxidized”
by PMS, the framework of the catalyst carries positive charges
and forms a metastable oxidation state (State I) and finally
generate more surface oxygen-containing groups (State II) in
the absence of organics, which is corroborated by XPS
measurement (Figure S11). Simultaneously, the metastable
state (State I) of the active sites can react with organics and
revert to CPPy-F-8 (Scheme 1). The plausible two-step

catalytic mechanism of the CPPy-F-8/PMS system is similar
to that of heme peroxidases, in which heme-containing
enzymes use H2O2 as the electron acceptor to catalyze a
number of oxidative reactions.68

Figure S12 clearly reveals that State II, formed upon
interaction between the catalyst and PMS in the absence of
organics, is a deactivation state, with only 22% phenol
degradation efficiency in 120 min. The spent CPPy-F-8 also
displayed a much-poorer phenol degradation performance
(39%) than the fresh catalyst (Figure S13). The deactivation
accompanying with phenol degradation indicates a competition
between the reactions for organic degradation and the
formation of State II. The oxygen content of spent CPPy-F-8
increases sharply from 4.1% (fresh CPPy-F-8) to 11.7%
according to XPS survey (Figure S14). After a thermal
treatment to remove oxygen-containing groups (Figure S14),
the catalytic activity of the spent CPPy-F-8 (used twice) could
be fully recovered (Figure S13). These results indicate that the
catalyst in State II with excessive oxygen species, featuring a
disturbed sp2 carbon framework, relatively high oxidation state,
and disordered electron configuration, is unfavorable for
electron transfer from the catalyst to PMS.16,51,69

Figure 4. (a) Effect of quenching agents on phenol degradation
(nquenching agent/nPMS = 1000:1). (b) Adsorption and degradation of
different organics using CPPy-F-8. (c) Decomposition of PMS under
different conditions. (d) The relationship between ionization potential
(IP) and degradation of organics in the CPPy-F-8/PMS system at
initial pH 2.8 ([organics]0 = 20 mg L−1, [PMS]0 = 3.25 mM, [CPPy-F-
8] = 0.1 g L−1, initial pH = 2.8, T = 25 °C).

Scheme 1. Catalytic Mechanism of CPPy-F-T/PMS System
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In contrast to phenol, benzoic acid has no influence on the
decomposition of PMS (Figure 4c) and cannot be degraded in
the CPPy-F-8/PMS system (Figure 4b), indicating that a
substrate dependency is involved in the catalytic reaction.
Various aromatic compounds were further tested in the CPPy-
F-8/PMS system at pH 2.8 and 7 (Figure S15), and results
show a notable selectivity of the catalytic system in degradation
of aromatic organics. All phenolic compounds except p-
nitrophenol can be removed to a large degree, while benzoic
acid and its derivatives display negligible degradation except for
p-hydroxybenzoic acid, which shows low degradation rates (kobs
of 0.004 and 0.002 min−1 at pH 2.8 and 7, respectively). This
selectivity was also observed in a mixture solution of phenol
and benzoic acid (Figure S16). This selective oxidation can be
attributed to more than just their different affinities toward
catalyst surface because no obvious correlation between
adsorption onto CPPy-F-8 (qe) and degradation (kobs) in the
CPPy-F-8/PMS system is observed (Figure S17).70,71

Generally, physicochemical properties and substituents of
organics may strongly affect their reactivity in oxidation
processes.72−75 Among various molecular descriptors, ioniza-
tion potential (IP) was found closely related to the reaction
rates in several oxidation systems.73,76,77 Moreover, electron-
donating groups, such as hydroxyl and amido, can lower the IP
of the organics, while electron-withdrawing groups, such as
carboxyl and nitryl, have an opposite effect.78 A relationship
between IP values and degradation rate constants of aromatic
compounds in the CPPy-F-8/PMS system is plotted in Figure
4d (pH 2.8) and Figure S18 (pH 7). There is a probable IP
threshold at ca. 9.0 eV, corresponding to the oxidation ability of
State I to react with organics. Those organic substrates with
higher IP values (Table S3) than the threshold cannot serve as
electron donors and be oxidized by State I (Scheme 1).
According to the distinct HPLC patterns during the phenol
degradation in Co2+/PMS (generally regarded as a radical-
induced oxidation process)79 and CPPy-F-8/PMS systems
(Figure S19), oxidized phenol in the primary step may
subsequently turn into complex, insoluble intermediates such
as phenoxyphenol or dihydroxybiphenyl, with unfavorable
formation of p-benzoquinone, a typical intermediate in phenol
degradation by the attack of radicals. The poor adsorption and
negligible degradation of p-benzoquinone in the CPPy-F-8/
PMS system was proven (Figure S20), and this can be
understood by its high IP value (9.96 eV).
Environmental Implications. This study demonstrated

PMS activation by a PPy-derived carbocatalyst for degradation
of organic contaminants in water. The catalytic reactions take
place through a nonradical pathway and display strong
selectivity in the removal of aromatic compounds, which
depends strongly on the IP values of the organics. Although
nonradical reaction possesses a mild oxidation potential, the
selectivity of this reaction enables the transformation of target
phenolic compounds with low IP values and avoids the
competitive reactions with coexisting constituents in a complex
environment. Moreover, our study developed a facile, low-cost
and scalable approach to synthesize this metal-free catalyst by
carbonization of PPy nanospheres. The method could be
generalized to other nitrogen-containing polymer or biomass to
generate carbocatalysts with higher N dopant contents than
those using external nitrogen sources. This facilitates the
realization of the multiple advantages of carbocatalysts, e.g., no
leachate of metal ions, low cost, and high selectivity, without
suffering from the limitations of low N content and low

reactivation efficiency and provides an improved family of
catalysts for remediation of groundwater, soil and sediment.
The nonradical reaction in PMS activation by CPPy-F is

proposed as a two-step process. According to this mechanism,
deactivation occurs inherently, but the stability could be
improved under fast organics conversion with reduced
persulfate dosage (Figure S21), which makes the carbocatalyst
suitable for removal of trace organic pollutants. In addition, we
can expect easier post-treatment (such as UV irradiation or
chemical methods) to recover the carbocatalysts and make it
feasible for practical applications. Because the investigations on
the catalytic mechanism and selective degradation are still at the
primary stage, further insights are needed to discern the
structure−activity relationship of the organics as well as their
primary degradation pathways.
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