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ARTICLE INFO ABSTRACT
Keywords: Co-based carbonaceous materials are among the most effective heterogeneous catalysts to activate perox-
Advanced oxidation processes ymonosulfate (PMS) for the degradation of organic pollutants in water. However, present examples normally
Peroxymonosulfate suffer the aggregation of catalyst and/or the leakage of active Co species especially when the Co content is high,

N coordination
Cobalt-based catalyst
Water decontamination

resulting in a loss of reactivity and potential environmental risk. In this study, we report the use of a mixture of
Co phthalocyanine and melamine as precursor for the preparation of a carbonaceous catalyst with N-coordinated
Co (Co-NG) for PMS activation. The presence of Co phthalocyanine in the precursor facilitates the uniform
distribution of Co species in carbonaceous substrate with high Co content of 8.0 wt%, thus exhibiting remarkable
catalytic reactivity for the degradation of a variety of organic pollutants. More importantly, the strong co-
ordination by N atoms significantly enhances the Co stability and reduces the Co leaching during cyclic use.
Experiment results demonstrate that both sulfate radicals (S04 ~) and hydroxyl radicals (HO") contribute to the
pollutant degradation with SO, ~ as the main reactive species. Other reaction parameters including solution pH,
the presence of inorganic anions, and natural organic matters were also investigated and evaluated. We reckon
this study provides new insights for the design of efficient Co-based carbonaceous catalysts with high Co stability
for water treatment application.
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1. Introduction

Advanced oxidation processes involving hydroxyl radicals (HO")
and/or sulfate radicals (SO, ) as the main reactive species have at-
tracted tremendous attention for the oxidative degradation of refractory
organic pollutants during the past decade [1]. Both species could be
simultaneously generated from the decomposition of perox-
ymonosulfate (PMS) in response to external stimuli such as ultraviolet
[2], ultrasound [3], microwave [4], electricity [5], chemicals [6], and
especially the use of transition metals [7] as catalysts which is feasible
and practical for scale-up application due to the easy-operation and
low-cost. Among the commonly studied transition metals (M = Co, Fe,
Mn, and Cu), Co is considered as the most effective candidate as its
standard redox potential (1.82 V) is very close to that of PMS (1.75 V)
[7]. However, the Co-based homogeneous catalytic oxidation process
suffers potential environmental risk due to the toxicity of Co2* [8].
Consequently, various heterogeneous Co-based catalysts such as Co
oxides [9,10] and supported Co catalysts [11-15] have been developed
for the activation of PMS, in the hope of mitigating the release of Co.

Graphitic carbon nitride (g-C3N4) possesses electron-rich six N-
atoms cavities that could provide stable coordination environment for
transition metals, and has thus been widely used as substrate for the
preparation of heterogeneous catalysts (i.e., transition metal doped g-
C3Ny4, M/g-C3Ny) [16-20]. Moreover, the strong M—N interaction al-
lows the distribution of metal species in highly dispersed forms such as
nanocluster and even single atom, rendering high catalytic activity
[18-20]. For examples, Wang et al. [19] reported that the concentration
of Co in the solution released from Co/g-C3N4 is much lower than that
from Co304. Xie et al. [20] reported that the catalytic activity of Co/g-
C3Ny is ca. 7-13 times higher than Co30,4 for PMS activation. A gen-
erally adopted preparation method for Co/g-C3N, is the pyrolysis of a
mixture of N-containing precursors (i.e., urea, dicyandiamide, and
melamine) and Co salts (i.e., CoCl, and Co(NO3),) [19,20]. However,
severe aggregation of g-C3N4 might occur during pyrolysis [17], which
could significantly reduce the catalytic activity of the catalyst.

The composition of precursors could dictate the preformed structure
before pyrolysis and is thus of great importance in the structural design
of catalysts. Previous studies have demonstrated that the introduction
of porous carbon materials (i.e., mesoporous carbon [21], graphene
[22]) and natural carbohydrates (i.e., glucose [17]) into the precursors
is an effective strategy to inhibit the aggregation of g-C3N4. We expect
that the use of substituent Co precursor might also make similar con-
tribution. Metal phthalocyanine is a conjugated macrocyclic complex
containing M —N, structure as the active site. The pyrolysis of metal
phthalocyanine yields porous carbonaceous matrix [23], which is ex-
pected to suppress the aggregation of g-C3N4. Meanwhile, the strong
binding affinity with metal as well as the steric hindrance of the mac-
rocyclic structure of phthalocyanine facilitate the dispersed distribution
of metal species and effectively inhibit the unfavored formation of
metal particles during pyrolysis [24]. With more virtues of high specific
surface area and hierarchical porous structure, we postulate that the use
of Co phthalocyanine as precursor could generate Co containing car-
bonaceous catalyst with much enhanced stability as well as reactivity
for PMS activation.

In this study, we report the use of a mixture of Co phthalocyanine
and melamine as precursor for the preparation of Co coordinated by N
in graphite (Co-NG) catalyst with high Co content yet uniform dis-
tribution, via a convenient one-step pyrolysis. The morphology, crys-
talline structure, and chemical state of Co-NG as well as several com-
parative samples were characterized. The catalytic performance and
mechanism of Co-NG towards the activation of PMS for the generation
of SO, and HO" were investigated by using benzoic acid (BA) as the
target pollutant. In addition, the effects of several important parameters
such as Co-NG dosage, PMS dosage, coexisting substrates (i.e., in-
organic anions and natural organic matters), and solution pH on the
removal of BA were examined. Moreover, the stability and reusability
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of Co-NG were investigated.
2. Material and methods
2.1. Materials

Co phthalocyanine was purchased from Tokyo Chemical Industry
Co., Ltd. BA, ibuprofen (IBU), p-hydroxybenzoic acid (PHBA), bi-
sphenol A (BPA), 4-chlorophenol (4-CP), 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO), methanol (MeOH), tert-butyl alcohol (TBA), hydrogen
peroxide (H,0,), potassium peroxydisulfate (PDS), and potassium
peroxymonosulfate (PMS, available as Oxone) were bought from
Shanghai Aladdin Biochemical Technology Co., Ltd. Cobalt nitrate
hexahydrate (Co(NO3),6H,0) and melamine were purchased from the
Sinopharm Chemical Reagent Co., Ltd. Natural organic matters (NOM)
from Suwannee River was supplied by International Humic Substances
Society. Deionized water (18.2 MQ/cm) was used in this study.

2.2. Preparation of catalyst

The Co coordinated by N in graphite (Co-NG) sample was synthe-
sized according to a reported method with slight modification [25].
Typically, 0.23 g Co phthalocyanine and 4.0 g melamine were mixed
and grinded for 30 min, and then the mixture was transferred to a
ceramic crucible and calcinated in tube furnace under N, atmosphere at
600°C for 2.0 h with a heating rate of 3.0 °C/min. After cooling down to
room temperature, the resulted powder was treated with 1.0 M H,SO,4
at 80 °C to dissolve the residue Co particles, and then washed with DI
water several times, and finally dried at 60 °C in air oven for next run.
The obtained catalyst is referred to as Co-NG. For comparison, another
Co doped g-C3N4 (denoted as Co-CN) sample was prepared by using Co
(NO3),6H,0 (0.12 g) as Co precursor. In addition, g-C3N4 (CN) and N
modified porous carbon (NG) samples were prepared by calcination
melamine and the mixture of melamine (4.0 g) and phthalocyanine
(0.21 g), respectively.

2.3. Catalytic reactions

The catalytic oxidation experiments were conducted in a 100 mL
beaker containing 50 mL reaction solution under magnetic stirring at
20.0 = 1 °C. Typically, PMS (1.0 mM) and pollutants (i.e., BA, 50 uM)
were added to the reactor to form homogeneous solution, followed by
the addition of catalyst (20 mg/L) to the homogeneous solution to in-
itiate the reaction. The solution pH during the reaction was monitored
and adjusted by 0.05 M HCIO,4 or NaOH, in order to keep the pH at the
desired value with a fluctuation below 0.5. At predetermined reaction
time, 1.5 mL solution was removed with a syringe, filtered with a
0.22 um filter, and quenched immediately by excessive Na,SOj3 prior to
analysis. To evaluate the reusability, the used catalyst was collected vis
centrifugation after each run, washed with DI water and ethanol for
three times, respectively, and finally dried at 60 °C under vacuum. The
recovered catalyst was used in the next run of batch experiment.

2.4. Characterizations and analytical methods

The specific surface area and pore structure of the catalysts were
characterized by N, adsorption/desorption experiments performed on
an automated gas sorption analyzer (Quantachrome Nova 3000). The
morphologies of samples were observed by transmission electron mi-
croscope (TEM, FEI Tecnai G20) and high-resolution transmission
electron microscope (HRTEM, FEI Tecnai G20). The crystal structures of
the catalysts were recorded on an X-Ray diffractometer (XRD, ALR
X'TRA). X-ray photoelectron spectroscopy (XPS, ESCALAB-2) was used
for analyzing the chemical state of elements. All binding energies were
corrected with respect to C 1 s peak at 284.6 eV. Fourier transform
infrared (FT-IR) spectra were recorded on a Nicolet iS5 spectrometer
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with an attenuated total reflectance (ATR) accessory. Electron para-
magnetic resonance (EPR, EMX-10/12) spectrometry was employed to
identify the generation of SO,’~ and HO" by using DMPO as the spin
trapping agent. The total organic carbon (TOC) was measured by a
TOC-V CPN analyzer. The Co content leached in solution was de-
termined by inductively coupled plasma mass spectrometry (ICP-MS,
NexION 300X). The concentration of organic pollutants was determined
by high performance liquid chromatography (HPLC, UltiMate 3000)
system. The degradation of BA followed a pseudo-first-order kinetics, as
described by eq (1):
ln[M] = —kt

[BA], (@]
where [BA], and [BA], represent the concentration of BA at the time of t
and O, respectively. k is the apparent rate constant for the degradation
of BA. The degradation intermediates of BA were identified by high
performance liquid chromatography-mass spectrum (LC-MS, Q Exactive
Focus) and gas chromatography-mass spectrum (GC-MS, TRACE1310/
ISQ LT). Detailed experiment conditions were shown in our previous
studies [16,26].

3. Results and discussion
3.1. Characterization of the catalysts

The basic properties of the CN, Co-CN, NG, and Co-NG samples are
summarized in Table 1. During the pyrolysis, the decomposition of
phthalocyanine is accompanied by the release of gases (i.e., H,O, CO,
and CO».) [27], which facilitates higher porosity (see the specific sur-
face area of NG and CN in Table 1, 151.1 versus 5.2 mz/g). Conse-
quently, the obtained Co-NG catalyst possesses much higher specific
surface area (132.6 rnz/g) than Co-CN (35.6 m?%/ g). Moreover, the Co-
NG sample exhibits much higher Co content than Co-CN (8.0 versus
1.6 wt%, Table 1).

The morphologies of the four samples, i.e. CN, Co-CN, NG, and Co-
NG, were investigated by TEM and HRTEM. Representative TEM images
in Fig. 1a-d show that all samples exhibit irregular particle structure.
The HRTEM image in Fig. le and selected area electron diffraction
(SAED) pattern in Fig. 1f of the Co-NG sample show that Co nano-
particles could not be detected. The elemental mappings images
showing the distribution of C (Fig. 1g), N (Fig. 1h), and Co (Fig. 1i)
elements suggest that the Co species are highly dispersed in the sub-
strate. Here we would like to comment that it is interesting to see the
absence of apparent Co particles in Co-NG with such high Co content
(8.0 wt%), which must be due to the unique structural features of the
substrate.

The ATR-FT-IR spectra of the four samples are shown in Fig. 2a,
from which one could see the broad band at 3400-2800 cm ™!, as-
cribing to the N-H stretching vibration of g-CsN4 [28], of both CN and
Co-CN samples. Meanwhile, the strong absorption band from 1700 to
1000 cm ™! and the intense peak at 809 cm™! are assigned to the
skeletal stretching and breathing mode of the tris-s-triazine units, re-
spectively [29]. With respect to the NG and Co-NG samples, the char-
acteristic peaks of typical g-C3N, become obscure. We hypothesize that
this is probably due to the formation of carbon matrix in the pyrolysis of
Co phthalocyanine, which could greatly suppress the polymerization of

Table 1

Basic properties of the obtained catalysts.
Materials CN NG Co-CN Co-NG
Co loading, wt. % 0 0 1.6 8.0
Surface area, m%/g 5.2 151.1 35.6 132.6
Average pore size , nm 19.4 8.2 20.9 9.2
Pore volume, cm®/g 0.025 0.311 0.183 0.272
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melamine.

The XRD patterns of the four samples are presented in Fig. 2b. The
diffraction patterns of both CN and Co-CN samples match well with the
g-C3Ny. The diffraction peaks at 13.0° and 27.4°, corresponding to the
(100) and (002) facets, are attributed to the periodic in-plane tri-s-
triazine units and the inter-layer stacking of aromatic systems, respec-
tively [29]. Interestingly, the peaks of the (002) facets of g-C3N, in the
NG and Co-NG samples shift slightly to lower angle with much wea-
kened intensities, suggesting the destruction of the crystallinity of g-
C3N, due to the introduction of Co phthalocyanine into the precursor.
Moreover, the characteristic peaks of Co species could not be observed
in Co-CN sample and especially Co-NG sample with much higher Co
content, indicating the absence of crystalline Co species and the highly
dispersive distribution of Co atoms.

The chemical compositions and elemental states of Co-CN and Co-
NG were further analyzed by XPS measurement. The XPS survey spectra
are presented in Fig. 2c, from which one sees the characteristic peaks of
C, N, O, and Co elements. The deconvolutions of the XPSC1s, N1 s,
and Co 2p spectra of both samples are presented in Fig. 2d, 2e, and 2f,
respectively. Fig. 2d shows that the C 1 s peak of Co-CN could be de-
convoluted to be three peaks at 284.6, 285.9, and 287.8 eV, corre-
sponding to the sp> hybridized C in C = C, C-OH, and N-C = N [30].
While for C 1 s peak of Co-NG, the deconvolution generates three peaks
at 284.6, 286.1, and 287.9 eV, ascribing to the C = C, C-N&C-OH, and
C = N&C = O [31]. The significantly enhanced intensity of the peak at
284.6 eV (C = C) of Co-NG than Co-CN might suggest a higher degree
of carbonization due to the introduction of Co phthalocyanine in pre-
cursor. Fig. 2e shows that N 1 s peak of Co-CN is deconvoluted to be two
peaks at 398.2 and 399.6 eV, corresponding to the sp>-hybridized N in
triazine rings (C-N = C) and the tertiary nitrogen N-(C)3;&C-NH-C
groups [16]. While for N 1 s peak of Co-NG, the deconvolution gen-
erates three peaks at 398.0, 398.8 and 400.2 eV, assigning to pyridinic,
pyrrolic and graphitic N species [31]. Fig. 2f shows that the Co 2p peaks
of both samples could be deconvoluted to be two main peaks at 781.6
and 796.8 eV, attributing to Co 2p3,» and Co 2p; -, respectively. The
peak intensity in Co-CN is much weaker than that of Co-NG due to the
lower Co content in Co-CN. The sharp peak at 781.6 eV in Co 2p3,5 of
Co-NG could be attributed to Co-N bond, similar to Co phthalocyanine
and Co-N-C catalysts reported previously [19,32,33].

3.2. Catalytic performance of Co-NG.

The catalytic performances of the four samples for the activation of
PMS are shown in Fig. 3a, represented by the degradation of target
molecule BA versus time. One sees that negligible abatement of BA is
observed when PMS is used alone. The use of CN and NG as catalysts
results in only less than 8% BA removal in 15 min. With respect to the
use of two Co containing catalysts, 40% BA degradation is observed in
PMS/Co-CN system, while nearly 100% BA degradation is achieved in
PMS/Co-NG system. The catalytic performance of Co-NG is much
higher than that of Co-based oxide in terms of the oxidative removal of
BA [34]. The data of BA degradation using PMS/Co-NG and PMS/Co-
CN systems are fitted to pseudo-first-order kinetics, as shown in Fig. S1.
The apparent rate constant in PMS/Co-NG system is calculated to be
0.390 min~*, which is about 13 times of that in PMS/Co-CN system
(0.030 min~1). The superior catalytic performance of Co-NG to Co-CN
could be attributed to both effects of the larger specific surface area and
higher Co loading.

In addition, IBU, PHBA, BPA, and 4-CP were also completely de-
graded by PMS/Co-NG within 15 min in the rate order of 4-
CP > PHBA > BPA > IBU, as shown in Fig. 3b. This nonselective
and excellent catalytic oxidation performance suggests that PMS/Co-
NG could be employed for the degradation of a variety of refractory
organic pollutants. The catalytic activity of Co-NG towards other oxi-
dants (i.e., HO, and PDS) were further examined. As shown in Fig. S2,
less than 6% BA is degraded in H,0,/Co-NG and PDS/Co-NG systems,
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Fig. 1. Representative TEM images of (a) CN, (b) Co-CN, (c) NG, and (d) Co-NG. (e) High-resolution TEM image and (f) SAED patterns of Co-NG. Elemental mappings

of (g) C, (h) N, and (i) Co elements of Co-NG.

suggesting the inferior catalytic ability of Co-NG towards H,O5 and PDS
compared to PMS. This is probably because the peroxy bond (0-O) in
PMS is more susceptible to cleavage than other two peroxides due to the
asymmetric structure of PMS [1].

3.3. Mechanism of BA degradation

To explore the degradation mechanism of BA in PMS/Co-NG system,
radical quenching experiments were conducted by using both MeOH
and TBA as radical scavengers. MeOH is considered to be an efficient
quenching reagent for both HO and SO, ~ with second-order rate
constant of 9.7 x 10% and 3.2 x 10° M~ !s™! [35,36], respectively.
Fig. 4a shows that only 13% BA is removed after the addition of 0.1 M
MeOH, suggesting HO" and/or SO, ~ are the major reactive species for
the degradation of BA. With respect to the use of TBA, the reaction rates
with HO  and SO, ™~ are 3.8 x 10%and 7.6 x 10° M~ s~ ! [35,36], thus
it is effective for identifying the contribution of each species for the

remove of BA. Fig. 4a shows that about 79% BA is removed in the
presence of 0.1 M TBA. These results demonstrate that the TBA is not
effective in inhibiting the BA degradation and imply that SO, is a
major contributor and HO' is a minor contributor for the degradation of
BA.

EPR studies were employed to further confirm the reactive species
involved in different systems by employing DMPO as trapping agent. In
Fig. 4b, one could hardly observe the characteristic signals of both HO"
and SO, ~ adducts in PMS alone, PMS/CN, and PMS/NG systems,
suggesting that negligible amounts of HO" and SO, ~ are generated in
those systems. With respect to the PMS/Co-CN and PMS/Co-NG sys-
tems, characteristic signals of 5,5-dimethyl-1-pyrrolidone-2-oxyl
(DMPOX) with peak intensity of 1:2:1:2:1:2:1 are evident. Previous
study has suggested that the formation of DMPOX could be due to the
oxidation of DMPO via either radical or nonradical pathway [37]. In
combination with the results described in the previous paragraph, we
postulate that HO" and SO, ~ are the reactive species for the formation
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Fig. 2. (a) ATR-FT-IR spectra and (b) XRD patterns of CN, NG, Co-CN, and Co-NG samples. (c) XPS survey spectra of Co-CN and Co-NG samples. Deconvolution of XPS

(d)C1s,(e) N1s,and (f) Co 2p spectra of Co-CN and Co-NG samples.

of DMPOX and for the degradation of BA.

More information could be obtained by evaluating the removal of
TOC, shown in Fig. S3. One sees that the value of TOC decreases gra-
dually as the reaction proceeds, and ca. 54% TOC is reduced after
60 min, which is much slower than the rate of BA degradation. These
results suggest that there are intermediates during the degradation
process before the complete mineralization. The degradation products
of BA in the PMS/Co-NG system were analyzed by GC-MS and LC-MS.

As shown in Table S1 and S2, low molecular carboxylates such as oxalic
acid, malonic acid, and glycerol are observed in the degradation of BA.
It is commonly accepted that these intermediates are more resistant to
oxidation by HO" and SO, ~ than their aromatics precursor. For in-
stance, the second-order rate constant between SO, ~ and oxalate is
only 5.52 x 10° M~ !s~! [38], about two orders of magnitude smaller
than that between SO, ~ and BA (1.2 x 10° M~ !s™1) [36]. As a result,
the removal rate of TOC is much slower than that of BA.
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Fig. 3. (a) Degradation of BA by using PMS alone and by using PMS together with different catalysts, and (b) degradation of various organic compounds in PMS/Co-
NG system. [PMS]o = 2.0 mM, [catalyst]lo = 20 mg/L, [pollutant], = 50 uM, and pH = 7.0.

3.4. Effect of PMS and Co-NG dosage

The effect of PMS dosage on the removal of BA is shown in Fig. 5a. It
can be seen that the degradation of BA in PMS/Co-NG system ac-
celerated as the increase of PMS dosage to 4.0 mM. The inset shows that
the initial increase of k value is linear in the PMS dosage range from
1.0 mM to 2.0 mM. However, the further increase of k value slows down
as the PMS dosage is higher than 2.0 mM, possibly due to the quenching
effect of excessive PMS towards SO, ~ and HO'. Moreover, the de-
gradation rate of BA also increases as the increase of Co-NG dosage
from 10 mg/L to 30 mg/L, with k value increases from 0.196 min~" to
0.542 min~*! (Fig. 5b). The inset shows that the k value is linearly
proportional to the dosage of Co-NG over a range of 10 mg/L to 30 mg/
L. Higher dosage of Co-NG would reasonably provide more accessible
active sites, and thus enhance the activation of PMS to produce more
SO, ™ and HO' for the degradation of BA.

3.5. Effect of solution chemistry
The effect of solution pH on the degradation of BA in PMS/Co-NG
system is shown in Fig. 6a. The degradation rate of BA significantly

increases as the increase of solution pH from 4.0 to 7.0, and then de-
creases as the pH further increases to 10.0. A plot of k values vs pH is

(a)l.o-‘

0.8
—{1—Blank
—0O—MeOH 0.1 M
- 0.6 1 —A—TBA 0.1 M
o
e
@)
0.4
0.24
0.0
T v T T T T T T T v T
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presented in Fig. S4, exhibiting a bell-shaped profile with a maximum
value of 0.390 min~! at pH = 7.0. These results are consistent with
previous studies concerning the use of heterogeneous Co-based cata-
lysts for PMS activation [39-41]. The pH-dependent catalytic oxidation
performance of PMS/Co-NG could be ascribed to the pH-dependent
surface chemical properties of the Co-NG and the species distribution of
PMS. It has been reported that the catalytic activity of heterogeneous
Co-based catalysts is highly related to the neutral surface hydroxyls
(=Co-OH) [42-44], which are regarded as the most reactive species for
the activation of PMS. Normally, most of the surface hydroxyls exist as
=Co-OH at near neutral condition [42-44]. When pH decreases or
increases, protonation or deprotonation reaction occurs, resulting in the
reduction of =Co-OH. In addition, Fig. S5 shows that Co-NG is nega-
tively charged at pH > 4.0 due to the existence of oxygen-containing
functional groups. Consequently, the increase of pH would result in
electrostatic repulsion between Co-NG and PMS (pKa; less than O,
pKay, = 9.4 [45]), and thus slow down the activation of PMS and de-
gradation of BA at high pH = 10.0. Nevertheless, the removal of BA is
about 86% and 94% at pH = 5.0 and 9.0, respectively, suggesting the
suitability of PMS/Co-NG system over a wide pH range of 5.0-9.0.
The release of Co species during use at different pH conditions was
also investigated and shown in Fig. 6b. One sees that the concentration
of leached Co decreases from 89.5 to 45.4 ug/L as the pH decreases

(b) PMS/CN
PMS/NG
=
= PMS/Co-CN
z
=
=
)
=
[S=1
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3420 3440 3460 3480 3500 3520 3540
Magnetic feild, G

Fig. 4. (a) Effect of radical quenchers on the degradation of BA in PMS/Co-NG system, and (b) EPR spectra of DMPO adducts in different systems. [PMS], = 2.0 mM,
[catalyst], = 20 mg/L, [BA], = 50 uM, [MeOH], = [TBA], = 0.1 M, [DMPO], = 100 mM, and pH = 7.0.
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Fig. 5. Effects of (a) PMS and (b) Co-NG dosage on the degradation of BA in PMS/Co-NG system. Insets show the change of the apparent rate constant (k) of BA
degradation as a function of PMS or Co-NG dosages. [BA], = 50 uM, and pH = 7.0.

from 4.0 to 9.0, and sharply decreases to 1.2 ug/L when pH further
increases to 10.0. The leaching of Co could be due to two effects, i.e. the
proton effect and the redox of Co(III)/Co(ID). In the absence of PMS, the
concentration of leached Co form Co-NG is 18.5 and 5.6 ug/L at
pH = 4.0 and 5.0, respectively, however, no leached Co is detected at
pH > 5.0, suggesting a minor contribution of protons. It is generally
accepted that redox reactions of Co(II)/Co(IIl) are involved in the ac-
tivation of PMS [7], which would result in a low stability of coordinated
Co due to the valence change, and inevitably the leaching of Co. The
sharp decrease of Co leaching at pH = 10.0 is probably because of the
re-precipitation of Co in the form of Co hydroxide.

It is also important to evaluate the effects of inorganic anions and
NOM that are ubiquitous in native water on the catalytic reactions. For
example, the typical concentration of C1~, HCO3 ™ is usually in a range
of tens to hundreds of mg/L, and the level of NOM could reach tens of
mgC/L in natural water bodies [46]. Fig. 7a shows the impact of Cl~,
S0427,NO5~, and HCO3 ™ on the degradation of BA in the PMS/Co-NG
system. Both SO,>~ and NO;3~ exhibit negligible influence on the de-
gradation of BA, while only 88% and 63% of BA is removed in the
presence of 10 mM Cl~ and HCO3 ~, respectively. The hypothesis is that
both CI™ and HCO3 ™ could consume SO, ~ and HO" by reacting to form
less oxidative chlorine radicals (i.e., HOCI' ™, and Cl’) and carbonate
radicals (CO3 ™), respectively (egs. 2-6) [47-51]. The effect of NOM on

(a)l.o-
0.8 -
0.6
o —0—pH=4.0 —7/—pH=7.0
) —O—pH=5.0 —C—pH=8.0
0.4 1
0.2 1
0.0 1
T T LI T Ll L]
0 3 6 9 12 15
Time, min

the degradation of BA is shown in Fig. 7b, from which one sees that
NOM significantly retards the degradation of BA in PMS/Co-NG system.
The more NOM (up to 20 mgC/L) is present, the stronger inhibition is
observed. These results are not surprising as NOM could act as a radical
scavenger for both SO,”~ and HO" with second-order rate constant of
6.8 x 10° mgC's™! and 1.4 x 10* mgC's ™!, respectively [51-53],
and thus inhibit the degradation of BA due to the competition of the
reactive species.
SO, + Cl~- =802 +Cl'k =3.0x108M 1571 (2

HO + ClI- < HOCI'™ 4+ HO™ ki = 43 x 10° M~ 1s71,
k. = 6.1 x 10° M~ 157! (3)
HOCI'™ + H" <CI' + HyO ke = 26 x 10° M~ Is71

k. = 3.6 x 10°M~!s7! (4)

SO, ~ + HCO3~ —CO3 ™ + SO,2~
()

HO' + HCO3~ — CO3~ + H,0k = 85 x 10° M~ 1s7! (6)

+HYk=35x10°M1s7?!

3.6. Reusability

Reusability is a crucial factor that greatly determines the suitability
of the heterogeneous catalysts in real application. The reusability of Co-
NG was investigated by five consecutive degradation experiments.
Results in Fig. 7c show that nearly 100% BA is degraded in each run of

(b)loo
80 EZPMS/Co-NG
= R Co-NG alone
= 60 :
i 7
E 2 2
£ 40 Z g Z
BRIl
S SRR
nm

Fig. 6. (a) Effect of solution pH on the degradation of BA and (b) the corresponding Co leaching in PMS/Co-NG system. [PMS], = 2.0 mM, [Co-NG], = 20 mg/L,

[BAlo = 50 M.
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Fig. 7. Effects of (a) inorganic anions (10 mM) and (b) NOM on the degradation of BA in PMS/Co-NG system. The (c) BA degradation and (d) Co leaching in five
consecutive experiments of the Co-NG catalyst. [PMS]o = 2.0 mM, [Co-NG]p = 20 mg/L, [BA]p, = 50 puM, and pH = 7.0.

15 min, while the k value gradually decreases from 0.39 to 0.28 min ~*

as the increase of the cycle number to five times (Table S3). The de-
crease of k value is contributed to the leaching of Co, as its con-
centration in solution decreases gradually from 49.6 ug/L (3.1 wt% in
Co-NG) to 38.2 pg/L (2.4 wt% in Co-NG) (Fig. 7d). However, the lea-
ched Co in PMS/Co-NG process is much less than of Co oxides mediated
PMS activation processes [54], demonstrating a good reusability and
stability of the Co-NG catalyst for the activation of PMS and for the
degradation of organic pollutants in water.

4. Conclusions

In this study, we report the preparation of a Co-NG sample with high
Co content of 8.0 wt%, essentially dispersed Co atoms coordinated by N
atoms in carbonaceous substrate, through a heating treatment of Co
phthalocyanine and melamine. The sample demonstrated superior
catalytic activity for the activation of PMS for the degradation of or-
ganic contaminations, due to the its high specific surface area as well as
the high Co content. Both SO, ~ and HO" are involved in the PMS/Co-
NG system, in which SO, ™ is identified as the main reactive species for
the degradation of BA. The PMS/Co-NG system could degrade BA over a
wide pH range of 5.0 to 9.0 and in the presence of inorganic anions and
NOM. The degradation of BA could be improved by using larger dosage
of PMS and Co-NG. In addition, the strong binding affinity between Co
atoms and N atoms renders Co-NG with good stability and reusability,
showing leached Co in solution less than 50 ug/L for each run at neutral

condition. We hope our study provides an easy strategy for highly ef-
ficient and robust Co-based catalysts for environmental remediation.
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