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Catalytic activation of peroxymonosulfate (PMS) for purifying organic wastewater has been widely studied.
However, the activation mechanism either by free radicals or non-radicals alone is not satisfactory efficiency. In
this work, a novel advanced oxidation system based on surface oxidized metallic cobalt nanoparticles (Co@CoO)
encapsulated with N-doped carbon nanotubes (NCT), i.e., CCN, activated peroxymonosulfate (PMS) was
designed. The CCN-PMS system showed excellent performance in the degradation for a wide range of organic
pollutants, including antibiotics, dyes, and phenols. The degradation rate of 100 mL 80 mg-L! tetracycline
hydrochloride (TC) in the system (10 mg CCN + 0.5 mM PMS) reached 92% within 30 min. The mechanism
analysis of the CCN activation of PMS reveals that the NCT mainly provided the active sites for non-radical
formation, while the Co@CoO mainly provided the active sites for radical formation. In addition, the NCT
could not only effectively reduce the leaching of Co*", but also play a synergistic role with Co@CoO in the
degradation of organic pollutants. This work provides new insight into the mechanism of PMS activation by
carbon-based catalysts for the efficient purification of organic wastewater.

1. Introduction application. On the other hand, the catalytic activation of PMS has been

widely investigated due to its simple operation, low cost and high

Advanced oxidation processes (AOPs) based on peroxymonosulfate
(PMS) is considered as a promising method for purifying organic
wastewater [1]. The active components are mainly hydroxyl radicals
(eOH) and sulfate radicals (SO3") generated during the activation of
persulfate [2]. The activation of PMS commonly includes catalytic
techniques and energy-driven approaches. The former usually uses
catalysts containing transition metal ions [3] and base [4], while the
latter requires energy usually from heating [5], UV irradiation [6] or
ultrasonic energy-driven [7], etc. The energy-driven activation has some
inherently problems including high cost and complicated operation
equipment, leading to difficulty in achieving large-scale practical

* Corresponding authors.

efficiency.

Previous researches have shown that ¢OH and SO3~ can be generated
by the catalytic activation of PMS with various transition metal ions,
including Co?*, Mn?*, Fe?* and so on [3]. Both ¢OH and SO}~ are non-
selective and strong oxidizers with a redox potential of 1.8 ~ 2.7 eV and
2.5 ~ 3.1 eV, respectively, allowing them to oxidize more refractory
pollutants [8,9]. Among the transition metal ions, Co?* has been proved
to be one of the most effective homogeneous catalysts for activating PMS
[10]. However, a fatal drawback of the Co®" activator lies in the poor
stability and potential secondary pollution for water bodies as it is easily
soluble in water and difficult to be separated from water [11]. Therefore,
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the preparation of efficient and insoluble cobalt-based activators has
become a desirable direction for researchers [12]. Pioneering studies
have shown that carbon material is metal-free with a high specific sur-
face area, and can serve as a functional carrier of Co?" activator [13].
The superiority of Co/C-based materials as the activator of PMS is
attributed to the fact that the carbon materials not only reduce the
leaching of Co?* by dispersing it into the carbonaceous material, but
also improve their activation performance through the synergistic effect
of Co?" and carbon materials. For example, Shukla et al. applied a
multiphase cobalt-based catalyst based on activated carbon impreg-
nated with Co®" for deep phenol oxidation, resulting in efficient acti-
vation of PMS with reasonable stability [14]. Wang et al. designed a PMS
activator of core-shell Co@C nanoparticles with N and S doped porous
carbons (Co-N-S-PCs) that showed high efficiency of oxidative decom-
position of p-hydroxybenzoic acid and phenol [15].

Besides carrying the Co?" activator for PMS activation, carbon ma-
terial itself can also act as the activator for PMS, mainly by generating
large amounts of non-radicals to degrade organic pollutants [16,17].
Non-radical oxidation processes exhibit moderate redox potentials,
allowing the non-radicals to resist interference from inorganic ions and
background organic matter [17]. Among carbonaceous materials, car-
bon nanotubes (CNTs) are preferred materials for activating PMS to
degrade organic pollutants due to their rich porosity and excellent
electronic conductivity [18]. However, their catalytic performance is
hindered by the inertness of the carbon element [19]. Modification by
doping with N, S, B, P and other heteroatoms can modulate the elec-
tronic states and active sites within the matrix of carbon materials, and
thus improve their activation properties [20]. For example, N atoms can
effectively promote the electron transfer of adjacent carbon and increase
the charge density of carbon atoms, thus increasing the adsorption en-
ergy of carbon atoms with PMS molecules [21]. Meanwhile, the N
doping leads to the formation of defects on the carbon skeleton,
providing certain active sites for the reaction [22]. Although these im-
provements can enhance the activation performance of N-doped carbon
nanotubes to certain extent, the mechanism of producing non-radicals to
degrade pollutants leads to lower catalytic performance after all than
that ofradicals. Thus, further optimizations are required.

To sum up, the efficiency of PMS activation for organic wastewater
degradation by either free radicals or non-radicals alone was not yet
satisfactory. To this end, we designed a novel system which provides the
coexistence reaction of radicals and non-radicals from the activation of
transition metal ions and carbon materials, respectively, to achieve su-
perior catalytic performance. This work is the first to apply surface
oxidized metallic cobalt nanoparticles (Co@CoO) encapsulated with N-
doped carbon nanotubes (NCT) material, i.e., CCN, to activate the PMS
for purification of organic wastewater. The degradation performance of
such a CCN-PMS system on tetracycline hydrochloride (TC) as the
representative of the organic pollutant was comprehensively investi-
gated. The various effects of Co salt dosages, PMS dosages, pollutant
concentration, organic wastewater pH values, the existence of different
anions and humic acids in the wastewater on the degradation perfor-
mance were explored. Meanwhile, the recyclability and practicability of
the catalyst was also tested. Via quenching experiment, electron para-
magnetic resonance spectra, electrochemical performance character-
ization, and LC-Q-TOF analysis on the intermediates of TC conversion,
the activation mechanism of CCN on PMS as well as possible degradation
pathways of TC were derived.

2. Materials and methods
2.1. Reagents and materials

All chemical reagents were purchased from Sigma-Aldrich Trading
Co., LTD. They are all AR reagent grade and can be used as initial

conditions without further purification. Deionized water was used for all
solutions. The domestic filtrate wastewater comes from Guangzhou,
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China, and the raw leachate contains approximately 8000 mg-L™' COD
and 1600 mg-L ™! ammonia nitrogen. In our laboratory, we pretreat this
leachate with a Fenton oxidation process. The effluent still contains
approximately 1000 mg-L ™! COD and 700 mg-L~! ammonia nitrogen.

2.2. Synthesis of catalyst

2.2.1. Synthesis of graphitic carbon nitride (g-C3N4)

The carbon nitride (g-C3N4) was synthesized by a slight modification
of the previous method [23]. 6 g of urea was placed in a crucible in a
muffle furnace and calcined in air at 550 °C for 2 h, and then allowed to
cool naturally to room temperature. The sample was taken out and
ground in a mortar for 30 min to obtain g-C3Ny.

2.2.2. Synthesis of nanomaterials Co@CoO/NCT (CCN)

0.6 g of pluronic was placed in a beaker with the addition of 60 mL of
deionized water, and stirred with a magnetic stirrer until the solution
became colorless and transparent. Afterwards, 0.4 g of the above g-C3Ny4
was added to the mixed solution and sonicated for 3.5 h for complete
dispersion the mixed solution completely, followed by dropwise addi-
tion of 0.2 mol-1.~! Co(NO3), stock to the mixed solution and continuous
stirring of 12 h. Next, the mixture was stirred and dried in the beaker
was placed in an oil bath (90 °C). Then, the sample was placed in an
oven at 150 °C for 2 h to obtain the precursor. Subsequently, the sample
was heated at a heating rate of 2 °C-min~! from room temperature to
550 °C and kept for 2 h followed by another temperature rising rate of
2°C-min"! to 800 °C and kept for another 2 h under nitrogen protection.
Finally, a fluffy black sample was obtained after cooling in the tube
furnace. Five samples were obtained by varying the volume of the added
Co(NOs3); solution, namely 0.0 mL, 1.0 mL, 2.0 mL, 3.0 mL and 4.0 mL,
and denoted as NC, CCN1, CCN2, CCN3 and CCN4, respectively.

2.3. Material characterization

The powder X-ray diffraction (XRD) patterns were performed on an
Ultima IV X-ray diffractometer (Riken, Japan) at 40 kV and 40 mA with a
Cu Kal (A = 1.54056 A) radiation source. Through testing the Bru-
nauer-Emmett-Teller (BET) specific surface areas (SBET, Quantach-
rome, USA) of the samples, the pore size distributions were obtained, of
which the influence on the experimental conditions were also explored.
The scanning electron microscopy (SEM) of the sample was character-
ized by Merlin (Carl Zeiss AG, Germany) at an accelerating voltage of 5
kV. The high-resolution transmission electron microscopy (HRTEM) was
performed to observe the surface morphology and lattice striations of
the sample at H-800 (Hitachi, Japan) at an accelerating voltage of 200
kV. The BET specific surface area was obtained at Gemini-2390 (Mack
Instruments, USA). X-ray photoelectron spectroscopy (XPS) was
analyzed at Escalab 250xi (thermometer fisher, USA) under the mono-
chromatic Al Ka X-ray source (300 W, 5 mA, 15 kV). The functional
groups of carbon materials were determined by Flourier transform
infrared (FTIR) spectrometry (Nexus 670, USA). The electron para-
magnetic resonance (EPR) spectra were recorded using a JES FA200
(JEOL, Japan) (Text S1 in Supplementary Material). Linear sweeping
voltammetry (LSV) and impedance (EIS) were tested using an electro-
chemical workstation (CHI-650e) Shanghai Chenhua Instruments Co.,
LTD (Text S2 in Supplementary Material). The concentration of aromatic
contaminants was tested using High Performance Liquid Chromatog-
raphy Agilent 1100 Series (Agilent Technologies Co., Ltd.) and the
degradation products of aromatic pollutants were tested using LC-Q-TOF
(Uplc1290-6540B Agilent Technologies Co., Ltd.)(Text S3 in Supple-
mentary Material). The total organic carbon (TOC) was measured by
TOC analysis meter (Vario TOC, Elementar). The Chemical Oxygen
Demand (COD) of wastewater was measured by rapid digestion-
spectrophotometric method. The ammonia nitrogen content was tested
by Nessler’s reagent spectrophotometry. The concentration of organic
dyes was determined by UV spectrophotometer (Guangzhou Shuopu
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Fig. 1. (a) XRD of CCN prepared with (1) 0 mL, (2) 1.0 mL, (3) 2.0 mL, (4) 3.0 mL, (5) 4.0 mL of the added Co(NO3), solution; (b) FTIR of (1) NC and (2) CCN3; Ny
adsorption—desorption isotherms and pore size distribution maps of (¢) NC and (d) CCN3.

Biotechnology Co., Ltd.).
2.4. Catalytic activity measurement

10 mg of catalyst was added to 100 mL of TC solution (50 ~ 100
mg-L™Y) and stirred continuously for 30 min under the dark environ-
ment to reach adsorption equilibrium. Then, a certain amount of PMS
(0.25 ~ 0.75 mM) was added to trigger the degradation of the con-
taminants. 1.0 mL of liquid sample was taken periodically and then
filtered through a 0.22 um nylon syringe filter membrane. The concen-
tration of TC was determined by HPLC equipped with an Agilent Eclipse
XDB-C18 column (5 pm, 4.6 mm x 250 mm). The mobile phase was a
mixture of methanol, acetonitrile and 0.01 mol-L ™! oxalic acid aqueous
solution in the ratio of 15:15:70 (v/v/v %) with a flow rate of 1.0
mL-min~}, the detection wavelength set to 280 nm and the column
temperature set to 33 °C.

To determine the reusability of CCN in the advanced oxidation
process, cyclic degradation experiments of TC were performed. The CCN
collected after each cycle was washed ultrasonically using deionized
water and dried under vacuum at 60 °C, and later on was applied for the
next cycle of the experiment. To determine the practicality of CCN in the
advanced oxidation process, the performance of this system was tested
on practical wastewater. 10 mg of catalyst was added to 100 mL of
practical landfill leachate (pre-treated) and 0.5 mM PMS was added to
trigger the reduction of the COD and ammonia nitrogen.

3. Results and discussion
3.1. Structure and characterization

The XRD results of the NC or CCN catalysts with different volumes of
the added 0.2 mol-L! Co(NOs3), solution are shown in Fig. la. The
diffraction peaks at 44.21°, 51.52° and 75.85° (JCPDS #no. 15-0806)
corresponded to the (111), (200) and (220) different crystallographic
planes of metallic Co, respectively. The intensity of the diffraction peak
of Co increased with the increase of Co sources. It is noteworthy that two

weak peaks corresponding to (11 1) and (200) different crystal planes of
CoO appeared at 36.49° and 42.38° (JCPDSF #no. 48-1719). This might
be due to the partial oxidation of the surface of metallic Co, indicating
that the sample contains a large amount of metallic Co nanoparticles and
a small amount of CoO nanoparticles. Besides, one graphitized carbon
peak appeared around 26.10°, which can be attributed to the fact that
the added Co can act as a catalyst to generate graphitized carbon in the
presence of carbon source conditions [23].

Via FTIR spectra of NC and CCN3 (Fig. 1b), abundant functional
groups that are essential for activating PMS [24], could be observed on
the sample surface. The peaks at 3420 em™!, 2970 em™!, 2920 em Y,
900 cm~! and 650 cm ™! could be classified as ~OH, C—H, or C—Ha,
C—H bending for aromatic out of plane deformation, respectively. The
C=N bond at 1580 cm ! and the C—0—C bond at 1052 em ™! did not
change significantly after Co doping [25]. However, the peaks of CCN3
at 1267 ~ 1274 cm™! (C—N bond) were significantly less intense than
those of the NC sample. A plausible explanation could be that the C—N
bond was disrupted and a new chemical bond after the doping of Co
[26]. In addition, other oxygen-containing functional groups, such as
C=O0 groups were identified on the surface of CCN. They will be bene-
ficial to the PMS activation and will further promote the non-radical
catalytic pathway [27].

Specific surface area and pore size distribution of catalysts are
important factors for catalytic activity. The specific surface areas of
CCN3 and NC samples were measured by the Brunauer Emmett Teller
(BET) method. Fig. 1c—d shows the Ny adsorption-desorption equilib-
rium results of different samples in agreement with those of carbon
nanotubes. Table S1 shows that the specific surface of the N-doped
carbon nanotubes containing Co was 1248.9 m?g ™!, while the N-doped
sample without adding Co was only 481.4 m?g . The reason is that the
carbon material of NC did not form nanotubes in the absence of the Co
source [28], and its specific surface area was much smaller than that of
CCN3. The pore distribution is shown in the inset of Fig. 1c-d. The
distribution of pore size larger than 5 nm appeared rather consistent in
both NC and CCN3. In terms of micropores, especially around 1.5 nm,
CCN3 presented the significantly larger distribution compared to NC.
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Fig. 2. SEM (a), TEM (b, ¢), HRTEM (d-g) and TEM-EDX element mapping (h) of CCN3.

( ) Nls
-~ pyrrolic-N
=
<
~
)
= L
'; graphitic
=
g e
pyridinic-
= P)
Ll

204 202 200 288 286 284 282 411 408 405 402 399 396 393

Binding energy (eV) Binding energy (eV)
© [o1s (d) [co2p
Co 2p,,

-~ c=0 ;

=. « shake-up

3 N

v

§ shake-up §

£ E

Binding energy (eV)

540 538 536 534 532 530 528 808 800 792 784 776

Binding energy (eV)
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The large specific surface area of CCN3 and the presence of plenty mi-
crospores and mesoporous could provide more catalyst active sites and
improve the performance of activated PMS.

The SEM image reveals larger amounts of nanotubes in the CCN3
sample (Fig. 2a). Some particles with a size of ca. 20 nm (white dots)
were encapsulated within the nanotubes, and most of which were
located at the top of the nanotubes with tight-binding. In contrast, the

NC sample did not form nanotubes (Figure S1). It can be inferred that the
Co source plays an important role in the generation of carbon nanotubes
by acting as a catalyst [28], and the movement of cobalt particles during
annealing process facilitating the formation of carbon nanotubes [29].
The TEM images of CCN3 display that the sample had well-shaped
bamboo-like nanotubes, in which the metal particles were well encap-
sulated (Fig. 2b-c). The HRTEM images of CCN3 (Fig. 2d-g) show that
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Fig. 4. (a) The CCN3-PMS system for the degradation of various aromatic organic pollutants; (b) The removal rate of TC by CCN3, PMS and CCN3-PMS system.

([CCN3]o = 0.1 gL}, [pollutants]o, = 50 mg-L~!, [PMS], = 0.75 mM, pH = 3.4).

the lattice stripes with a spacing of 0.177 nm and 0.206 nm corre-
sponding to the (200) and (111) planes of nano-Co, respectively. The
lattice spacing of 0.347 nm between the particle edge and surface layer
can be attributed to the graphitic carbon layer. The distribution of C, N,
Co and O in CCN3 was analyzed by TEM-EDX element mapping
(Fig. 2h), illustrating that the C and N elements were uniformly
distributed on the nanotubes, whereas the Co and O elements were
distributed at the top of the nanotubes.

To clarify the chemical bonding and valence states of the surface
elements of CCN, XPS analysis on the CCN3 sample was performed. The
XPS survey spectra of the sample before and after reaction are shown in
Figure S2a. The detected C, N, O, and Co elements originated from the
Co@CoO and N-doped carbon nanotubes. The XPS spectrum of C 1 s
(Fig. 3a) can be fitted to four typical peaks at 284.7 eV, 285.6 eV, 286.8
eV and 288.6 eV corresponding to C—C, C=N, C—0—C and C=0 [8],
respectively. This indicates that N was successfully doped into carbon
nanotubes, agreeing with the result from the FTIR. The N 1 s spectrum of
the CCN3 is fitted to three peaks (Fig. 3b) corresponding to three types of
N functions, namely pyrimidine nitrogen (398.7 V), pyrrole nitrogen

(399.8 eV), and graphite nitrogen (400.8 eV) (corresponding to C=N)
[16]. The O 1 s XPS spectrum peaks (Fig. 3c) are deconvoluted into two
peaks at 531.3 eV and 532.3 eV corresponding to Co—O [30], and
carboxylate (0—C=0) [31], respectively. Moreover, in the Co 2p XPS
spectra before the reaction (Fig. 3d), the fitted peaks at 781.2 eV and
797.1 eV were consistent with the signals of Co 2p3/2 and Co2p; /2 of
Co%*, while the fitted peaks at 778.5 eV and 793.2 eV were stemming
from metallic Co [32]. In addition, the intensity of the peak of Co?* was
significantly stronger than that of metallic Co, implying that the outer
layer of CCN3 nanoparticles was CoO, as the XPS technology charac-
terizes the valence state mainly of the surface of the material. Combining
with the result from the HRTEM of the CCN3 showing only the lattice of
metallic Co but not CoO, it is confirmed that the metallic Co was covered
by a thin layer of CoO on the outside.

In summary, the results from XRD, FTIR, SEM, TEM, and XPS char-
acterization proved that surface oxidized metallic Co nanoparticles
encapsulated with N-doped carbon nanotubes were successfully
achieved.
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Fig. 5. (a) Effect of different factors on the efficiency of degradation of TC (80 mg-L’l) in the CCN3-PMS system: (a) amount of Co(NO3), precursor, (b) concen-
tration of PMS, (c) concentration of TC, (d) various typical anions and humic acids (the concentration of typical anions was 0.25 mM), (e) different pH values; (f) pH
changes during the degradation of TC. (Optimal conditions: 80 rng~L’1 TC, 0.5 mM PMS, 3 mL Co(NO3), solution were used to prepare CCN3, and the initial pH

was 3.7.).
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3.2. Catalytic activity of NC and CCN catalysts

The degradation of various aromatic organic pollutants antibiotics
(TC), dyes including methyl orange (MO), methyl blue (MB) and
rhodamine (RhB), and phenols including bisphenol A (BPA) and phenol
(Phenol) in the CCN3-PMS system were investigated. As shown in
Fig. 4a, the CCN3-PMS system exhibited efficient degradation in those
mentioned above aromatic organic pollutants. As a representative
antibiotic, TC was selected to evaluate the pollutant removal perfor-
mance of the CCN3-PMS system. First, such the system presented good
adsorption performance (Fig. 4b). The adsorption equilibrium was
achieved within 30 min, with an adsorption capacity for 50 mg-L™! TC
(100 mL) reaching over 20%. Second, the large surface area (1248.9
m2-g~1) allows TC molecules to diffuse from the solution into the pores
of the catalyst, facilitating sufficient contact between the catalyst and TC
inside the carbon matrix [33]. With the addition of PMS, the removal
rate of TC by the CCN3-PMS system increased to 100% within 5 min.
Such efficiency remarkably outperformed the scenario of PMS only,
which experienced a poor removal rate of 6.4%, under the same
experimental conditions. These results demonstrate that the CCN3
sample has not only good adsorption capacity for TC, but also possesses
excellent activation performance for PMS.

Various factors affecting the TC removal efficiency in the CCN-PMS
system were investigated, including the amount of Co source, i.e. the
volume of the added Co(NO3), solution, amount of PMS, TC concen-
tration, pH, different anions and humic acids (HA) in the TC wastewater
(Fig. 5). In general, the degradation rate of TC increased with the in-
crease of Co(NOj3); solution from 0.0 ~ 4.0 mL (Fig. 5a). However, the
TC degradation rate did not improve any further when the added volume
was above 3.0 mL. Therefore, 3.0 mL of Co(NO3), solution was chosen as
the optimal Co source addition amount, i.e., CCN3. Notably, the catalyst
NC also exhibited certain degradation efficiency for TC when no Co salt
was added, indicating that the N-doped carbon could activate PMS
[16,34]. The reaction rate constants obtained by fitting the data as
shown in Figure S3, showed that the K value increased from 0.015 to
0.094 when Co was added, indicating that the activation of PMS was
facilitated by the addition of Co. In order to investigate the optimal
conditions for the CCN-PMS system to purify TC wastewater and explore
the related reaction mechanism, the CCN3 sample was used for the
subsequent experiments.

Next, the effects of different amounts of PMS were discussed as the
amount of PMS plays a crucial role in the oxidation reaction of TC in the
system. Higher PMS dosage generally resulted in more effective TC
degradation (Fig. 5b). The treatment with 0.375 mM PMS already
exhibited the best removal performance with a degradation rate
exceeding 91%. As the removal could not improve further with a PMS
concentration above 0.5 mM, thus which was selected as the optimal
dosage of PMS. The effect of TC concentration on the degradation

process was revealed to be adverse during the experiments (Fig. 5¢). The
degradation rate decreased gradually with the increases of TC concen-
tration, indicating that more active substances are needed to react to
degrade the pollutants of higher concentration in the system.

As inorganic anions and HA in the actual water body can affect the
degradation of organic pollutants in the PMS-based oxidation system
[35], their effects on the TC degradation in the CCN3-PMS system were
investigated. Previous research demonstrated that some anions like CI’,
NO3, HoPOZ and HCO3 can react with free radicals (SO5~ and eOH) to
form weaker free radicals, resulting in lower degradation efficiency
[33]. However, the experiments of the CCN3-PMS system show strong
resistance to negative interferences, as no significant inhibition on the
TC degradation by CI', NO3, and HoPOj was observed (Fig. 5d). This is
due to the fact that non-radical AOPs can overcome the inhibitory effect
of anions and plays an important role in PMS activation, reflecting that
the CCN3-PMS system is robust to anions interference. The HCO3 also
had an inhibitory effect on the CCN3-PMS system because HCO3 is a
strong bursting agent for SO;~ and eOH, which alters the pH of the
system during the degradation process [36]. These results suggest that
the SO3~ and eOH were the main active species in the CCN3-PMS system
for the degradation of TC. Fig. 5d displays that TC degradation was
inhibited in CCN3-PMS after the addition of HA. Although natural
organic matter (such as HA) is capable of quenching SO;~ and e¢OH
radicals and binding active sites of metals [37], 70.1% of the TC could
still be degraded within 20 min with the addition of PMS. This indicates
the presence of some unknown reactive substances other than radicals
(such as non-radicals) in the CCN3-PMS system, which were responsible
for the TC degradation. Finally, the effect of pH on TC degradation was
investigated. The degradation efficiency changed rather slightly in the
treatments with a pH range of 3.7 ~ 10 due to the good catalytic stability
of CCN3 (Fig. 5e). These treatments also experienced a sharp drop of pH
within the first 5 min (Fig. 5f). However, the oxidation capacity in
condition with initial pH of 11 decreased significantly during the
treatment, which showed no obvious change in pH at the end of the
experiment. Under such conditions, nevertheless, 59.6% of TC was still
removed, proving that the NC in addition to Co did play an important
role in this system. Under acidic conditions, a more positive charge on
the catalyst surface can be achieved, which is conducive to attracting
PMS. The active site on the surface of the N-doped carbon catalyst is
beneficial for reacting with PMS under lower pH conditions [33].
Therefore, within the initial pH range of 3.7 ~ 10, the oxidation ability
of the CCN3-PMS system was almost unchanged. However, when the
initial pH was 11, the pH of the solution was kept at 10.2 after PMS was
added, and the degradation efficiency of TC was significantly reduced.
Under alkaline conditions (pH = 10.2), Co?*t was complexed and
deposited, thus reducing the activation of the PMS [8].

In practical industrial applications, the catalyst lifetime is an
important factor in evaluating its performance. The reusability of NC
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and CCN3 were compared in this experiment. Fig. 6 exhibits that the
degradation activity and stability of the CCN3 catalyst were significantly
better than that of NC. In the CCN3-PMS system, though the catalyst
activity slightly decreased with the increase of cycles, the degradation
rate of TC remained ca. 80%, and the removal of TOC remained ca. 72%
(Figure S4) even after 4 cycles. In addition, the XRD and SEM charac-
terization of the reacted CCN3 sample (Figures S5 and S6) confirmed
that its crystal structure remained unchanged. The metal nanoparticles
were still tightly wrapped by carbon nanotubes, preventing the disso-
lution of cobalt ions (Co*"). By comparing with other carbon-based and
Co-based materials, the CCN3-PMS system has obvious advantages not
only in the amount of catalyst, but also in the speed of degradation
(Table S2). Therefore, the CCN3-PMS system can be promisingly used in
the organic wastewater treatment. In the actual domestic filtrate
wastewater (pre-treated) treatment (Figure S7 and Table S3), the CCN3-
PMS system had about 38.7% removal rate of COD and 30.1% removal
rate of ammonia nitrogen.

3.3. Reaction mechanism of the CCN-PMS system

To investigate the degradation mechanism of organic pollutants in
the CCN-PMS system, the reactive oxygen species (ROS) in the system
were confirmed by radical quenching experiments and EPR analysis.
Previous studies reveal that SO3~, ¢OH, ¢O3 or 10,, or several of them
were produced in catalytic activated PMS systems [38,39]. Here,

methanol (MeOH) as SO3~ and eOH radical scavenger, tert-butanol
(TBA) as eOH radical scavenger, p-benzoquinone (BQ) as ¢O3 radical
scavenger, and 2,2,6,6-tetramethylpiperidine (TEMP) as 10, non-radical
scavenger were chosen to identify the critical oxidants in the TC
degradation process [40]. After adding MeOH, the degradation effi-
ciency of TC decreased significantly from 91.3% to 66.8% (Fig. 7a),
whereas the oxidation performance of the system retained with the
addition of TBA. Similar to TBA, BQ presented a negligible effect on the
degradation of TC (Fig. 7b). These results prove that SO3~ was a more
essential active agent than ¢OH and O3 to oxidize TC in this system.
To further confirm whether radicals such as SO;~, ¢OH, and O3
were generated during the reaction, EPR spectra were recorded in
different scavenger systems. The radicals generated in the CCN3-PMS
system were further monitored by coupling the EPR and dimethyl pyr-
idine N-oxide (DMPO), which was used to capture SO~ and e¢OH. The
representative signals of DMPO-eOH and DMPO-SO%~ recorded during
the experiments confirmed the existence of SO3~ and eOH (Fig. 7c).
After adding excess methanol, the representative signal of O3 can also
be detected (Fig. 7d), but it showed negligible effect on the system
through the above quenching experiments. To explore the formation
process of SO~ and eOH, the valence change of Co before and after the
reaction was analyzed according to XPS. As shown in Figure S2b, the
fitted peaks at 779.5 eV and 794.8 eV in the post-reaction Co 2p XPS
spectrum were consistent with the signals of Co 2ps,» and Co 2pj /5 of
Co>* [41]. During the changing of the valence state of Co, it is



C. Xu et al. Separation and Purification Technology 295 (2022) 121347
A
' [
| G o~ CH I
2 | uo o on |
2. | I
% % | :
%% Ng, [
——————————— A B2 I ' |
| 1
OH
: HG _-CH, | : OH O OH O O | ! o, CH, L
| _HoS _~cnm, o : | Q1 m/z=457 | ! ! i . |
| I f———— e — — I Dealkylatiom iy CH; | |
—_— | — H
| ] 1 O! 1 | |
I | 5 mm———————— y, OH O oOH O O i —CONH, | |
= 1 = 1
| | e Lo | |
. OH
| N | OH O OH O
HO 1t on | Il Q4 m/z=346 I
1 Uy —— 1
NH, |
| . N
OH O OH O O | Ring open
| I I Q2 m/z=410 |
| T U U, AU ——
| N T | R ; |
: 1 | cn, BN~ Ol | | o cn, M I OH {
|l | |
on .
I o & O o | : I Ring open l Hl | |
I P1 m/z=475 | o, | —— A o |
| HC cH, | l | | I I OH 6 0 o o |
NN ] O] OH O OH O
| | : OH O O O O : : | I Q5 m/z=236 Q6 m/z=167 Q7 m/z=135 |
OH =,
| I | 01 m/z=427 | Q2m/z=316 e —— ]
| NH, I ———————— e
l |
| °% 6 | -
o OH: 0O O | e . I
I P2miz=48) | AN |
| u on |
Ri | | —r—————————— |
ing open | NI, ————————q | |
| L ™ I | ' I co, |
OH| '
__________________ | © oH 0o O : | | | NH, : : 2 I
i i P5 m/z=346 I
NH. | 0
™ CH : ' l CH, | I | | I I H,0 |
1 : on | | | I | P10 m/z=99 I I I
! ! | | | .
1 ! | OH | H 5 | NO 3
NH. - |
! g 5 : - : —s P8 m/z=156 | —>: H,C I I |
OH |
1 OH
\ 0 OH 'O 0 ' | I I | | I OH ! NH, |
' P3 m/z=365 ' | OH OH I N, | | I o+
: me w_ocu, ! I P6 m/z=301 | I I R on |
' HO o, 1 | | NH, I I I [ PUm/z=102 P12 m/z=114 |
! OH 1 om | I P9 m/z=207 ) T T T
: ! ' I T
1
! NH, | : Nl
1
! OH 1 |
1OoH O OH O 0 ] 6 oe® o |
: P4 m/z=407 1 | I

Fig. 8. Possible pathways for tetracycline in the CCN3-PMS system.

hypothesized that Co?* first reacts with HSOs5 to form Co3+, which
subsequently reacts with HSO5 to regenerate Co>*, while Co accelerates
the reaction from Co>* to Co?". In the Co-mediated PMS activation
system according to the equations (1), (2), (3) and (4), the active sub-
stances are SO3~ and eOH, where SO%~ is the dominant active substance
[42]. However, more than 40% of the TC was degraded in this system
even with the addition of excess methanol, and most of the SO5~ and
eOH were quenched. This result indicates that both radical and non-
radical reaction pathways existed in the CCN-PMS system.

Co*"+HS05-Co*> "+ SOF +OH" €}
Co**+HSO3—Co?*+SOy+HT 2
S04 +OH —SO7 +eOH 3
Co*t+Co —» Co®* (©)]

To reveal the active sites of the radical and non-radical pathways in
the CCN3-PMS system, the performance of the NC-PMS system for
degradation of TC was tested. The catalytic activity of NC was much
lower than that of CCN3 (Fig. 7e). Radical quenching experiments with
methanol showed that the activity of the CCN3-PMS system was also
suppressed, which was similar to that of the NC-PMS system without
methanol. However, the quenching effect of methanol on the NC-PMS
system was more minor. This result indicates that the addition of the

Co source generated more radicals (SO3~ and eOH), further confirming
that the NC-PMS system relied on the non-radical pathways to degrade
organic pollutants [43].

Non-radical pathways have been recognized in many catalytic PMS
oxidations of organic pollutants. The formation of singly linear oxygen
(*0,), mediating electron transfer pathways in non-homogeneous cata-
lysts and direct oxidation pathways are typical mechanisms in non-
radical catalytic PMS system [44]. In this experiment, the formation of
10, was confirmed by quenching experiments with L-histidine or TEMP
and EPR analysis. The degradation rate of TC decreased significantly
with the addition of TEMP (Fig. 7b). Using Tetramethylpiperidone oxide
(TMPO) as a spin trapping agent, the EPR spectra showed that the equal
intensity for the TEMPO adduct triple peak signal was detectable
(Fig. 7f), suggesting that 10, was the potential active compound for
degrading the pollutants. However, the electron transfer reaction can
also produce the same EPR signal during an EPR analysis [45]. Hence,
linear scanning voltammetry (LSV) and impedance testing (EIS) were
performed to demonstrate whether direct electron transfer pathways
exist on carbon-based materials to degrade TC [33]. Compared with
CCN3, the current and impedance of CCN3 + PMS and CCN3 + PMS +
TC systems did not change significantly (Fig. 7g-h), indicating that the
existence of the electron transfer pathway of the catalyst was negligible
during the activation of PMS by CCN3 catalyst. It is well known that PMS
can be catalyzed by ketones to produce 105, while the surface of CCN3



C. Xu et al.

contains a large number of carbonyl groups [27]. This finding explains
that !0, was produced during the activation of PMS by the CCN3
catalyst in the CCN3-PMS system. In addition, the graphite N doping in
the CCN3 will induce electron transfer from the adjacent C atom to the N
atom. Thus, the C atoms adjacent to graphite N (carbon in the C=0
group) react more easily with HSO5 in PMS and promote the production
of 102 [21]. The reaction equation (5) is as follows.

0} (0)

I I (5)
R-C-R +HSO; —»'0, +SO*+R-C-R
Based on the above results, the basic process of the generation of

radicals and the degradation of TC can be inferred in Fig. 71. The mainly
radicals were generated by the Co@CoO, while the mainly non-radicals
were generated by the N-doped carbon nanotubes. The 0, and SO§~
were responsible for the non-radical, the radical respectively in the
CCN3-PMS system. The Co@CoO internal electron transfer accelerates
the cycle of conversion between Co*" and Co®™.

3.4. Intermediate and degradation pathway of TC

As TC molecules have a variety of groups, their degradation products
and pathways are rather complex [46]. According to the mass spectra
(Figure S8), substances with different m/z values were detected, and
four possible degradation pathways were inferred in combination with
the different groups attacked by different ROS. Fig. 8 displays that the
TC molecule was attacked by SO3~, ¢OH and 10, and decomposed into
lower molecular weight products. The main pathways of degradation
were classified as terminal oxidation, N-dealkylation, demethylation
and ring-opening [46]. Interestingly, different ways of opening rings
during the process of degradation could be derived, probably due to the
synergistic effect of radicals and non-radical [47]. In the presence of
SO5™ and SO%’ [48], important the reactions of TC would occur in the
following order: i) terminal oxidation to form P1 (m/z = 475) and P2(m/
z = 459); ii) ring opening to form P3 (m/z = 365) and P4 (m/z = 407); iii)
decomposition to P5 (m/z = 346), P6 (m/z = 301) and P7 (m/z = 280);
iv) conversion to P8 (m/z = 156) and P9 (m/z = 207); iv) further reaction
to form P10 (m/z = 99), P11 (m/z = 102), and P12 (m/z = 114). In the
other three degradation pathways, the order of occurrence would be: i)
N-dealkylation and terminal oxidation to produce Q1 (m/z = 457) and
Q2 (m/z = 410); ii) demethylation to produce Q3 (m/z = 407), and Q4
(m/z = 346) by the removal of CO-NHy groups; iii) ring-opening to
produce Q5 (m/z = 258) Q6 (m/z = 167) and Q7 (m/z = 135); i)
decomposition to O1 (m/z = 427), ii) ring opening to form 02, and
decomposition to the smaller molecules. Based on the analysis of the
results from LC-Q-TOF, it is inferred that the radicals were mainly
responsible for the removal of side chain groups, while the non-radicals
were more responsible for the ring-opening sites [49]. Then further, the
action of both free radicals and non-free radicals together resulted in the
TC mineralization to NH, NO3,CO5 and H,0 [8].

4. Conclusion

Co@CoO encapsulated with N-doped carbon nanotubes (CCN) was
used for activating PMS to degrade pollutants for the first time. The
optimized CCN-PMS system showed excellent purification performance
for organic wastewater, with a degradation rate of over 92% in 30 min
and the TOC removal rate of over 82% in 180 min, when dealing with
80 mg-L™! TC (100 mL) pollutant. The N-doped carbon nanotubes can
effectively encapsulate Co, which not only reduces the dissolution of Co
and the secondary pollution to the environment, but also increases the
stability of the catalyst and provides non-radical active sites. The CCN-
PMS system was revealed to degrade pollutants through the coexis-
tence of radicals and non-radicals. This work will deepen the under-
standing of the mechanism of PMS activation by carbon-based catalysts.
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