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The rational optimization of catalytic composites with excellent catalytic activities and long-term cycling
stabilities for environmental remediation is still maintained as highly desired but is an ongoing challenge.
Here, seaweed-derived N-doped versatile carbonaceous beads with Co,O, (Co-NC-0.25-700 °C) are
employed as a novel catalyst to activate peroxymonosulfate (PMS) for methylene blue (MB) degradation.
Profiting from the improved structure—activity relationship and the synergistic effects between the "egg-
box” structure and the Co,O, loaded on the N-doped carbonaceous beads, Co-NC-0.25-700 °C
exhibited relatively high performance and comparative long-term stability. The universal applicability of
Co-NC-0.25-700 °C was investigated by degrading other types of organic pollutants in various systems.
For this type of newly fabricated high-performance versatile composites, structure—property
relationships were plausibly proposed. Notably, the degradation efficiency and the catalyst structure
could be tailored by the amount of polyethyleneimine (PEI) introduced in the preparation process and by
the pyrolysis temperature. More favorably, the coupling of the magnetic properties and bead-like shape
endows the resultant composites with remarkable reusability and recyclability, as compared to powder
state materials. Another interesting finding is that MB degradation over Co-NC-0.25-700 °C is minimally
affected by common ions (Cl™, NOs~, SO42~, etc.), and holds a certain catalytic activity under the
background conditions of two simulated real water conditions (running water and seawater). Of
particular interest, a microreactor filled with Co-NC-0.25-700 °C was utilized as a verification model for
practical applications of the reaction in continuous-flow. More far-reaching, the simulations of actual
water conditions and the design of a continuous-flow reactor represent a giant step towards universal
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1. Introduction

Due to the emission of a large number of organic pollutants,
including organic dyes, antibiotic compounds, and phenolic
compounds, serious environmental problems have drawn
increasing public concerns in recent years."™ Currently,
advanced oxidation processes (AOPs) are considered effective
remediation methods owing to their advantages of generating
highly reactive oxygen species such as sulfate radicals (SO, ),
hydroxyl radicals ("OH) and superoxide radicals (O,"~, HO,’,
and "0,) for the degradation of organic pollutants into harmless
products.>” Among various AOPs, considerable research efforts
have been devoted to the typical Fenton reaction (Fe*'/H,0,) in
virtue of the strong oxidative potential (1.8-2.7 V vs. NHE) of the
generated 'OH.*® However, its practical applications are
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applications for organic pollution treatment.

prominently limited by the low operation pH (2-4) and a large
amount of sludge production.*'® Notably, SO, radicals have
been introduced as an alternative to ‘OH radicals as a result of
their high redox potential (2.5-3.1 V vs. NHE),>"* long half-life
time period (30-40 ms),'**> widely suitable range of pH (2-
9),"* and being more selective.'* In this case, multifarious
transition metals (Fe,” Co,'" Mn,” etc.) have exhibited superi-
ority for the activation of peroxymonosulfate (PMS) compared
with carbon materials. Particularly, Co-based materials have
attracted significant attention due to the unique valence elec-
tron layer structure of cobalt (3d”4s”) and the comparatively
high standard redox potential of Co>*/Co** (1.92 V vs. NHE),"”
which lead to the rapid transfer of electrons and exhibit good
catalytic effects. However, Liu et al.’® and Song et al.*® have
already revealed that transition metals (Fe>*, Co>*) can cause the
adverse loss of dissolved metal ions, poor stability, and reus-
ability. To alleviate these problems, various supported cobalt
nanocomposites’*® and mixed transition-metal oxides™® have
been extensively investigated. Nevertheless, catalytic efficiency
for PMS activation still needs to be further improved due to the
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slow conversion rate of Co®>"/Co’" redox pairs.'® In contrast, an
ultrafine Co;0,-incorporated carbon composite synthesized by
Luo et al. shows high removal efficiency, but still, there have
been limited studies on the use of it to overcome the drawbacks
of leaching.*> Moreover, metal-carbon based hybrids have also
been investigated as a potential method to enhance the degra-
dation performance.’ As we all know, much work hitherto has
focused on support materials for cobalt oxides and metallic
cobalt including metal-organic frameworks (MOFs),*" covalent
organic frameworks (COFs),>> SBA-15, etc. Although, these
materials exhibit large specific surface areas (SSA), excellent
chemical stability and low cost," their powder states make them
difficult to separate from solution, limiting their applications.
Therefore, enhancing the catalytic activity, cycle stability, and
recoverability of cobalt-based heterogeneous catalyst/PMS
systems is highly desirable but a huge challenge.

To meet these challenges, it is feasible to develop an effective
pathway for the preparation of catalysts and to assemble them
into a matrix with exhibited relatively high performance and
comparative long-term stability. Biomass, as a source of
renewable energy, has received increasing attention for the
preparation of useful carbon materials.**** Meanwhile, N-doped
carbon (NC) matrices have been proven to be fascinating cata-
lytic materials owing to their excellent features of high
conductivity and environmental friendliness.”>*® The C atoms
in the carbon matrix can be substituted for doped N atoms,
providing optimized interfacial properties for the carbon atoms
for catalysis, which can not only enhance the m-bonding ability
and improve basicity but also undermine the electroneutrality
of adjacent C atoms and provide more active sites for nucleo-
philic and electrophilic attack.>*”*® Alginate, with abundant
hydroxyl and carboxyl groups in its polymeric carbon matrix, is
a high-modulus natural polysaccharide isolated from brown
algae, whose macromolecules can be easily used for the chela-
tion of metal ions (Ca>*, Fe**, Co®*, and Ni**) via ion exchange to
form a so-called “egg-box” structure.”** After pyrolysis in an
inert gas atmosphere, the polymeric carbon matrix is naturally
converted into a carbon material such that the metal nano-
particles (NPs) are well encapsulated in carbon shells.>® That
makes alginate an appropriate precursor for large-scale manu-
facture of porous metal/C nanocomposites via an environmen-
tally friendly pathway. Accordingly, alginate is widely utilized in
electromagnetic wave absorption,® heavy metal ion adsorp-
tion,** lithium batteries,* etc. Polyethyleneimine (PEI), as a kind
of amine-rich agent, can not only chelate heavy metal ions but
also easily reacts with carbonyl groups. Bertagnolli et al.** and
Yan et al.** utilized cross-linked PEI followed by glutaraldehyde
(GA) to internally and externally modify the preformed Ca>*-
alginate beads for adsorption of heavy metal ions, respectively.
However, previous publications regarding the application of
high performance environmentally friendly catalysts in the
degradation of organics are very scarce.

With the above considerations, seaweed-derived N-doped
versatile magnetic carbonaceous beads with Co,O, were
prepared for universal organic pollutant degradation. The 3D
interpenetrating co-network polymer was easily formed by
using sol-gel assembly and pyrolysis processes, employing
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sodium alginate (SA), PEI, cobalt, and GA as a carbon source,
a nitrogen source, a precursor and a cross-linking agent,
respectively. It is of particular interest that better self-assembly
and dispersion of Co®" at the molecular level can be obtained
due to the co-complexation between Co®" and SA/PEI, which can
control the aggregation of Co,O, NPs during pyrolysis.
Furthermore, the “egg-box” structure and the “channel
confinement effect” can steadily anchor Co,O, NPs and form
a shelter for them, leading to reduced leaching of the metal.
More favorably, the coupling of magnetic properties and a bead-
like shape endow the resultant composites with remarkable
reusability and recyclability. Based on the numerous advan-
tages, the catalyst (Co-NC-0.25-700 °C) exhibits relatively high-
efficiency degradation of methylene blue (MB) on the basis of
SO," and has comparative long-term stability. The degradation
of p-nitrophenol (PNP) is mostly carried out with precious
metals in NaBH, systems, and it is rarely reported for Co-based/
PMS systems. This research has achieved relatively high cata-
Iytic activity for PNP degradation with Co-based/PMS and Co-
based/NaBH,, which provides a guideline for substituting
precious metal catalysts to degrade PNP. Besides, due to the
well-developed interpenetrating co-network structure, uncon-
ventional electronic distribution and magnetic properties, this
type of semiconductor-like Co-NC-0.25-700 °C could possibly
reveal unique potential in other fields. More fascinatingly, it is
of significance to highlight that the simulation of real water
conditions (running water and seawater) and the column
reactor design for continuous flow reaction illustrate a giant
step towards the practical application of PMS AOPs.

2. Experimental section

2.1. Materials and chemicals

Materials and chemicals for the preparation procedures are
described in Text S1.}

2.2. Preparation of catalysts

2.2.1 Preparation of Co-NC-x-700 °C. The preparation
process is shown in Scheme 1. Firstly, sodium alginate powder
(2.0 g) with different amounts of PEI (x represents the content of
PEL; x = 0, 0.1, 0.2, 0.25, 0.3, and 0.4 g) were dissolved in
deionized water (100 mL) and magnetically stirred for 2 h until
the initial SA/PEI was dispersed (Fig. S1at). Into the resultant
dispersion, glutaraldehyde solution (2% (mass ratio) of
glutaraldehyde/PEI, 50 wt%) was added consecutively for the
cross-linking and curing reaction, and the mixed dispersion was
mechanically stirred for 24 h at room temperature until a pink
and viscous solution formed (Fig. S1bt). Subsequently, the
“box” SA/PEI solution was dripped into a cobalt nitrate hexa-
hydrate (100 mL, 1.5 wt%) solution by a peristaltic pump to
conduct the co-chelation of Co** with the SA/PEI macromole-
cules, confining the Co** within the “box”. In these circum-
stances, the SA/PEI dispersion was converted to hydrogel beads
since the Co®* cations coordinated with SA/PEI for another 6 h
to completely cross link (Fig. S1ct). Finally, the immobilized Co-
SA/PEI hydrogel beads were washed several times with

This journal is © The Royal Society of Chemistry 2019
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Scheme 1

deionized water and ethanol to remove extra Co** and NO;~
ions, and were dehydrated via a freeze-drying process to
produce highly porous and 3D interconnected Co-SA/PEI aero-
gel beads. After calcination at 700 °C under a N, atmosphere,
the acquired materials were marked as Co-NC-x-700 °C, with x
corresponding to the amount of PEL

2.2.2 Preparation of Co-NC-0.25-y. 3D Co-SA/PEI-0.25 aer-
ogel beads were calcined for 2 h to reach a set temperature (y is
the pyrolysis temperature; y = 500, 600, 700, and 800 °C) at
a ramp rate of 5 °C min ' under a N, atmosphere in a tube
furnace. Then, the 3D Co-SA/PEI aerogel beads were changed
into 3D Co,0,-NC beads, in which the SA/PEI “box” was con-
verted to a high-density N-doped amorphous carbon shell to
encapsulate the Co,O, NPs. After being cooled down to room
temperature under flowing N, the final materials were recorded
as Co-NC-0.25-y, with y corresponding to the pyrolysis
temperature.

In contrast, Ca-SA and Ca-SA/PEI-0.25 were treated at 700 °C
for 2 h with a heating rate of 5 °C min~ " in a N, atmosphere and
the resulting catalysts were denoted as Ca-C-700 °C and Ca-NC-
0.25-700 °C, respectively.

2.2.3 Quantification of the co-crosslinking degree of Co>*
and SA/PEL Quantification of the co-crosslinking degree of Co>*
and SA/PEI macromolecules is expounded in Text S2.}

2.3. Characterization

Characterization of the catalysts is presented in Text S3.f

2.4. Catalytic activity measurements

Catalytic activity measurements are given in Text S4.F

This journal is © The Royal Society of Chemistry 2019

Ilustration of the preparation processes of Co-NC-x-700 °C and Co-NC-0.25-y.

2.5. Column catalysis experiments

Dynamic catalysis experiments were conducted in a glass
column with an internal diameter of 6 mm and a height of 8 cm,
which was filled with the Co-NC-0.25-700 °C (0.2 g) composite.
Moreover, a little gauze was placed on both sides of the fixed-
bed reactor to make the catalysts stabilized before each exper-
iment (Fig. S37). An MB solution (240 mg L") and a PMS
solution (6 mM) were mixed into the column at an equal flow
rate (1 mL min ") by two identical peristaltic pumps. Mean-
while, the reacted liquid was collected at decided intervals and
measured using a UV-vis spectrophotometer. A flow chart of the
column catalysis experiments is exhibited in Scheme S1.}

3. Results and discussion

3.1. The formation mechanism of Co-NC-0.25-700 °C

In the weakly alkaline SA/PEI system, the aldehyde groups at
both ends of glutaraldehyde allow not only the interconnection
of PEI macromolecules to each other by aldimine condensation
but also the formation of hemiacetals by the bonding of SA with
PEI macromolecules, and this may result in the formation of
interpenetrating polymer co-network materials. The carbonyl
group of glutaraldehyde is a strongly polar group, and the
carbon is strongly positively charged, so it is easy to react this
group with a nucleophile. The nucleophilic addition reaction
occurs between the aldehyde groups at both end of glutaralde-
hyde and PEI that contains a large amount of amino groups. PEI
is therefore utilized as a nucleophilic reagent. The nitrogen
atom with a lone pair of electrons in the amino structure of PEI
attacks a positively charged carbon atom on the carbonyl group

RSC Adv., 2019, 9, 5009-5024 | 5011
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of glutaraldehyde. Thereby, the nucleophilic addition reaction
is completed to form an intermediate o-hydroxylamine
compound, which is then further dehydrated to form a Schiff
base. Meanwhile, the oxygen in the hydroxyl group of the
alginate molecules has a lone pair of electrons, making it
highly nucleophilic. Under alkaline conditions, the hydroxyl
group is converted to an alkoxy anion which enhances its
nucleophilic capacity, and the oxygen with a lone pair of elec-
trons attacks the carbonyl carbon to form the hemiacetal. More
importantly, the alginate molecules themselves are linked by
ether bonds, and each molecule is interconnected through
interactions of chemical bonds to form an interpenetrating SA/
PEI co-network. With the introduction of Co>", the resulting
Co-SA/PEI complex structure has been described as a so-called
“egg-box” model, in which Co®" is coordinated by the carbox-
ylate groups of the alginate macromolecules and the amino
groups of the PEI macromolecules to form a restricted “box”.
Subsequently, the obtained Co-SA/PEI hydrogel beads were
converted to Co-SA/PEI aerogel beads via a freeze-drying
process. The 3D porous skeleton in the aerogel bead initially
took shape through the removal of adsorbed water around the
interpenetrating SA/PEI co-network. Finally, the “egg-box”
confined Co*" could be first converted to Co,0,@C core/shell
NPs after carbonization in a N, atmosphere. Furthermore,
the novel 3D N-doped carbon nanomaterial with multimodal
pores furnished nucleation sites for in situ growth and
repression of Co,O, NPs.

3.2. Catalyst characterization

3.2.1 FT-IR. The functional components of the Co-SA and
Co-SA/PEI formed by co-complexation of Co®>" and alginate/
polyethyleneimine were assessed by obtaining FT-IR spectra
(Fig. S57). The characteristic peaks of Co-SA (Fig. S5at) at 3423,
1286 and 2938 (723) cm ™' were attributed to the stretching
vibration of O-H, C-O and C-H, respectively.** The bands
located at 1419, 1067 and 881 cm ™' related to the bending
modes of -OH, ether bond (C-O-C) ring skeletal vibrations of SA
and the B-glucosidic linkage between the sugar units in SA,
respectively.® The peak at 1633 cm ™' was due to the bending
vibration of absorbed water. Compared with Co-SA, the peak
positions and intensities of Co-SA/PEI at 3423 and 1068 cm ™"
have a certain degree of offset, respectively, which could be
ascribed to the overlap of the stretching vibrations of O-H from
SA and N-H from PEI. Obviously, the characteristic absorption
peak of the strong C-N bond at 1385 cm ™' further proves the
successful grafting of PEI in the Co-SA/PEL

Furthermore, the characteristic absorption peak of a newly
emerging C=N at 1722 cm ' may be attributed to the Schiff
base formed between the aldehyde group of the crosslinking
agent GA and the remaining free amino group of PEL In addi-
tion, the increase of the broad peak intensity at about
3431 cm™ ' may be due to the formation of a hemiacetal between
the aldehyde group of the GA and the hydroxyl groups of SA.
Convincingly, due to the presence of C-O-C, C=N, C-N and C-
0, the existence of a co-crosslinked structure between Co>" and
SA/PEI is perfectly proved.
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3.2.2 SEM and TEM. The morphologies of the as-prepared
Co-C-700 °C and Co-NC-0.25-700 °C were checked by SEM, as
shown in Fig. 1a and b. An overall view demonstrates that Co-
NC-0.25-700 °C maintains a unique 3D interpenetrating poly-
mer co-network structure, which is composed of SA/PEI
composites with Co,O, NPs. Moreover, the Co,O, NPs are
distributed homogeneously on the nodes of the co-network
structure, which can neatly shorten the electron transport
pathways and effectively enhance the mass transfer of reactants.
The co-complexation leads to an enhanced self-assembly and
dispersion of Co*" at the molecular level, which efficiently
controls the aggregation of Co,O, NPs during pyrolysis.
Compared with Co-C-700 °C, doping with electron-rich nitrogen
modifies the surface structure of the Co-NC-0.25-700 °C
composites, providing enhanced-binding ability between the
active sites and the 3D N-doped carbon, which slightly reduces
the particle size of the nanoparticles due to the asymmetric
structure of C=N. These results are accordant with the TEM
and BET information. Fig. S6a-df show SEM images of Co-NC-
0.25-y. Compared with the Co-NC-0.25-k (k = 500 and 600 °C), it
can be seen that the Co-NC-0.25-700 °C exhibits more abundant
pores and a more developed co-network structure with the rise
of temperature. However, another interesting finding is that
they exhibit fewer pores, which is attributed to the aggregation
of the Co,O, NPs at high temperature (800 °C). Fig. 1d shows
a typical TEM image of Co-C-700 °C, and further indicates that
Co,Oy NPs were loaded on the C-N skeleton of SA/PEI and were
well-dispersed after carbonization. More fascinatingly, the
Co,0, NPs were encapsulated by a N-doped amorphous carbon
(SA/PEI) shell that resulted from the carbonization of the algi-
nate “egg-box”, and the average size of the Co,O, NPs was
approximately 110 nm (Fig. 1c and e).

From the TEM images (Fig. S6e and ff), it can be found that
the Co-NC-0.4-700 °C possesses a much more irregular
morphology and large Co,O, agglomerated NPs that are worse
than Co-NC-0.1-700 °C. This might be attributed to the presence
of more of the N heteroatom, which leads to an increase in the
surface energy of the Co,O, NPs, making them easier to aggre-
gate. Fig. 1f shows a clear HRTEM image of the sample which
exhibits a set of fringe spacings of 0.338 nm and 0.227 nm,
corresponding to the (002) plane of graphite carbon and the
(200) plane of CoO NPs. Moreover, EDS elemental mapping
clearly shows that C, N, O, and Co are homogeneously distrib-
uted, further revealing the uniform dispersion of Co,O, NPs. All
of the above can contribute synergistically to high degradation
efficiency.

3.2.3 XPS. The elemental composition and the valence
states of Co-NC-0.25-700 °C were further investigated by XPS.
The full-survey spectrum demonstrates the existence of C (82.64
at%), N (2.64 at%), O (13.15 at%) and Co (1.57 at%) elements as
shown in Fig. 2a, as expected. The C 1s spectrum can be fitted
into three peaks corresponding to C=C (284.4 eV), C-C & C=0
(285.8 eV) and C-O & C=N (288.7 eV) respectively, which indi-
cates the existence of heteroatoms (Fig. 2b).**** The four
deconvoluted peaks (Fig. 2c) of N 1s at 394.8 eV (pyridinic N),
400.4 eV (Co-N,), 400.2 eV (pyrrolic N) and 401.5 eV (graphitic

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 SEM images of (a) Co-C-700 °C and (b) Co-NC-0.25-700 °C; TEM images of (c and e) Co-NC-0.25-700 °C and (d) Co-C-700 °C; (f)
HRTEM image of Co-NC-0.25-700 °C; (g) SEM image of Co-NC-0.25-700 °C and the corresponding EDS mapping for C, N, O and Co elements.

N) suggest successful N-doping and Co-N, site formation in the
carbon framework, which not only serve as anchoring sites for
the formation of Co-N, sites, but also improve the catalytic
activity.*”*® Fig. 2d shows two peaks in the spectrum of O 1s,
corresponding to Co,-0O, (529.3 eV) and C-O & C=0 (531.3 eV),
and this is consistent with the O mapping shown in Fig. 1g,
which further indicates the presence of Co,O, NPs on the
surface of Co-NC-0.25-700 °C. It is significant to highlight that
the Co spectrum (Fig. 2e) is fitted with four components cor-
responding to Co° Co**, Co®" and the satellites peaks. The
binding energies of Co** 2p;,, and Co®>* 2p,, are observed at
781.2 and 796.5 eV, which can be ascribed to the surface Co
combined with oxygen from the atmosphere during the catalyst
preparation and storage process.® Besides, the surface Co**
species can be further evidenced by satellite peaks at approxi-
mately 5eV above the main peaks.*® Moreover, other peaks at the
binding energies of 778.1 and 797.1 eV correspond to Co° 2ps/,
and Co>" 2p,,,.*** Inspiringly, the existence of three different
valence states of cobalt effectively accelerates the initial
conversion rate of cobalt electrons pair, which leads to
enhanced catalytic effects.

3.2.4 BET. The N, adsorption/desorption isotherms
(Fig. 2f) show that the prepared catalysts except Ca-NC-0.25-
700 °C reveal a typical type-IV profile with a distinct hysteresis
loop, indicating the existence of mesopores, as confirmed by the
corresponding pore distribution curve (Fig. S7t)."* Meanwhile,
a large SSA benefits from the high pyrolysis temperatures of Co-
NC-0.25- (I = 500, 600, and 700 °C), which might be due to the
release of H,O and CO, during the thermal decomposition of
SA/PEL> The maximal SSA (191.240 m’¢~") and pore volume
(0.304 cm®g ") were recorded for Co-NC-0.25-700 °C, while there
was a significant decline in SSA (125.128 m”g™ ") for Co-NC-0.25-
800 °C, given that the SA/PEI skeleton collapsed at a higher
temperature.

This journal is © The Royal Society of Chemistry 2019

It is noteworthy that the SSA (7.725 m®g™') of Ca-NC-0.25-
700 °C has a sharp drop from that of Ca-C-700 °C (89.499
m”g "), which seems to be originated from the strong bonding
ability between Ca®" and SA. Furthermore, the SSA of Co-C-
700 °C is 201.480 m*g ! in contrast to that of Ca-C-700 °C, since
the binding ability of Co®>" and SA/PEI is slightly weaker.
However, the SSA (191.240 m®g™") of Co-NC-0.25-700 °C is
similar to that of Co-C-700 °C, which may be ascribed to the
following two phenomena: (i) a better cooperative interaction
between SA/PEI and Co”" in the self-assembly process, and (ii)
the deposition of Co,O, NPs on the pores of SA/PEL***" The
relatively large specific surface area and pore volume accelerate
the degradation rate by improving the mass transfer driving
force. Textural characteristics of the prepared materials are
listed in Table S1.T

3.2.5 XRD. The crystal structures of the as-prepared cata-
lysts were investigated by XRD and the crystal phase conversion
pattern is revealed in Fig. 3a. The major peaks for Co-C-700 °C
can be assigned to Co (46.2° peak, JCPDS 15-0806), CoO (39.6°
peak, JCPDS 42-1300) and Co0,0; (51.3 and 56.4° peaks, JCPDS
02-0770), and the results are slightly different from the previ-
ously reported examples.*>*> Almost the same XRD pattern is
exhibited for Co-NC-0.25-700 °C. However, as the content of
CoO increases, the diffraction signal intensity for Co-NC-0.25-
700 °C decreases slightly in comparison with that of Co-C-
700 °C, which suggests the likely fact that the interaction
between the Co,O), NPs and the N heteroatoms is most likely to
form Co-N,, which corresponds with the XPS findings.*” In
addition, distinct peaks at 44.2° (111 plane) and 51.5° (200
plane) are also observed in Co-NC-0.25-700 °C, which are
attributed to the formation of metallic Co with a cubic struc-
ture."** At a higher temperature of 600 °C, the cobalt species is
mainly present as highly dispersed cobalt oxides and Co,
marking the initial development of Co,O, NPs in a better

RSC Adv., 2019, 9, 5009-5024 | 5013


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00357f

Open Access Article. Published on 11 February 2019. Downloaded on 12/4/2025 8:02:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

~
&
~

= Raw Intensity Cls
=
< Ols
N
iy Co2p
w
§ N1s
=
o
1000 800 600 400 200 0
Binding energy (eV)

~
)
~

= Raw Intensity
e Peak Sum S
——Background Pyridinic N
~} 397.8 eV
= Graphitic N
3 401.5eV
>
-
X
v
=
L
-
=
Pyrrolic N  Co-N
400.2 eV 399.7 eV
I 't L L
410 405 400 395
Binding energy (eV)
(O]
——Raw Intensity o3+, Co 2,
= Peak Sum 797.1 P‘I//Z A
= Background S
- C00 2p3/2
; 778.1 eV
-’ /"‘
_‘E‘ Sat.
= /
=
2
B 796.5 eV
i
co? 2p3 ’
7812 eV i
A i A -
810 800 790 780
Binding energy (eV)

View Article Online

Paper

~
=3
~

= Raw Intensity Cls
=== Peak Sum
= Background \ G
- 284.4 eV
=
<
~ C-0&C=N
iy 285.8 eV
E C=0&C-N
e 288.7 eV
=
Ll

294 292 290 288 286 284 282 280
Binding energy (eV)
= Raw Intensity o1
S

== Peak Sum
=== Background \

Cox-0y,

529.3 eV

C-0&C=0
5313 eV

Intensity (a.u.)

538 536 534 532 530 528 526 524 522 520

Binding energy (eV)

~
=

=3— Ca-C-700 ’C

| —o— Ca-NC-0.25-700 °C
== Co-C-700 °C

=a= C0-NC-0.25-500 °C
[ =0= Co-NC-0.25-600 °C
=a= C0-NC-0.25-700 °C o
100 | —o— C0-NC-0.25-800 °Co@<2

200

150

50

Volume (cm3/g,STP)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/Po)

Fig. 2 XPS spectra of Co-NC-0.25-700 °C: (a) full-survey spectrum, (b) C 1s, (c) N 1s, (d) O 1s and (e) Co 2p; (f) N, adsorption/desorption

isotherms of the different as-prepared catalysts.

direction. Interestingly, both Co-NC-0.25-700 °C and Co-NC-
0.25-800 °C show a stronger peak, implying a higher crystallinity
of the Co,O, NPs. Moreover, there are two possible reasons for
the formation of Co® diffraction peaks: (i) Co® nanoparticles
themselves grow at high temperatures; (ii) C and N are released
from the precursor to facilitate Co® generation during the
carbonization, indicating that Co,O, and Co-N, are formed
first.'*** The most obvious peaks are weak and wide diffraction
peaks at 24°, which could be assigned to amorphous carbon,
coinciding with the results of Raman spectroscopy.’

3.2.6 Raman. Consequently, the effect of the introduced
PEI to SA was further proved using Raman spectra (Fig. 3b), in
which the G band (1580 cm ™) reveals the in-plane vibration of

5014 | RSC Adv,, 2019, 9, 5009-5024

the sp> carbon atoms and the D band (1340 cm™ ") indicates
structural defects and amorphous carbon.*® The Ip/I; (peak area
ratio) increases from 1.406 to 1.465 after the introduction of N,
indicating the generation of more structural defects within Co-
NC-0.25-700 °C. Furthermore, the Ip/I; of the samples increases
continuously with increasing carbonization temperature, indi-
cating an increasing amorphous carbon ratio, and such a trend
accords well with the observations of the Co-NC-x-700 °C with
varying N contents (Fig. S8t). It should be pointed out that
a low-intensity band centered at 665 cm™ ' was detected, which
can be unambiguously attributed to the Co,O, species.”*
3.2.7 VSM. As is known to all, magnetic properties have
a key role in the recyclability of magnetic catalysts. Thus, the

This journal is © The Royal Society of Chemistry 2019
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magnetic properties of Co-NC-0.25-700 °C were investigated by
VSM, and the results are shown in Fig. S9.1 Clearly, the Co-NC-
0.25-700 °C exhibits typical ferromagnetic behavior with S-like
shaped hysteresis loops, demonstrating the presence of
magnetic Co,O, NPs. As shown, the coercivity (H), saturation
magnetization (M;) and remnant magnetization (M,) are
214.695 Oe, 38.768 emu g ' and 3.514 emu g ' for Co-NC-0.25-
700 °C. The excellent M ensures the magnetic response of the
Co-NC-0.25-700 °C to external magnetic fields, so that the Co-
NC-0.25-700 °C can be easily separated from MB solutions
(Fig. s21) and secondary pollution can be reduced.

(@)

Lof
osf
0.6F == C0-NC-0.25-700 °C
5 =@= PMS+Ca-C-700 °C
<> o4l —o— PMS+Ca-NC-0.25-700 °C
© —o—PMS+Co-C-700 °C
o2l —0— PMS+Co-NC-0.25-700 °C
00f
0 2 4 6 8 10 12
Time (min)
©
LOF § —=C0-NC-0.25-500 °C
—o— Co-NC-0.25-600 °C
08F o= Co-NC-0.25-700 °C
~0=Co-NC-0.25-800 °C
06k
(—]
S
> 04}
©]
02}
00} -
0 2 4 6 8 10 12
Time (min)

Fig. 4

3.3. Catalytic activity evaluation

3.3.1 Catalytic activity of Co-NC-0.25-700 °C. In view of the
above efforts in the in-depth study of the Co-NC-0.25-700 °C
structure, we next explain the relationship between structure
and catalytic performance. The removal efficiencies of MB in
different systems are presented in Fig. 4a. It must also be
mentioned that the effect of static adsorption on removal effi-
ciency cannot be ignored in the degradation process. About
14.23% of MB could be absorbed by Co-NC-0.25-700 °C within
12 min, which may be attributed to the large SSA and pore
volume. Besides, PMS alone was also evaluated for MB
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(a) The removal efficiency of MB in different systems within 12 min; the removal efficiency of MB using catalysts with different (b) content

of introduced PEI and (c) pyrolysis temperature; (d) the effect of MB concentration on the removal efficiency. Reaction conditions: [MB] =
120 mg L% [PMS] = 3 mM, catalyst=04g L% T = 298 K, initial solution pH 7.62.
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degradation, and less than 5% of MB was decomposed, indi-
cating the weak self-decomposition ability of PMS in the
absence of catalysts.* In contrast, the catalytic activity was
significantly enhanced in the Co-C-700 °C/PMS systems, and the
removal efficiency was 97.59% within 9 min. Encouragingly, the
degradation efficiency was optimized in the Co-NC-0.25-700 °C/
PMS systems.

In addition, the MB removal efficiency of different previously
reported catalysts by PMS activation were compared (Table
S21t).4»124548 There is no denying that carbon-based materials
are widely reported as highly efficient catalysts.? Little is known,
however, about Ca®" as a catalyst for activating PMS. An iden-
tified Ca-C-700 °C that degrades MB in Ca-C-700 °C/PMS
systems with 34.88% of MB decomposed within 12 min can
be shown as a contrast. It is possible to envision, but it is yet to
be demonstrated, for example, that the catalytic efficiency of
Ca*" is much lower than that of Co®*/Co®". It was reported that
heteroatom doping can effectively improve catalytic effect.”” On
the contrary, Ca-NC-0.25-700 °C exhibits lower catalytic perfor-
mance than Ca-SA-700 °C. These results may be generated due
to the synergies of the following properties: (i) Ca-NC-0.25-
700 °C has a smaller SSA than Ca-C-700 °C, which is not
conducive to mass transfer, and this could become dominant.
This is consistent with the observation from BET; (ii) the active
sites of the C-N and C-C, C=C bonds were formed by
introducing N; (iii) there is rapid transfer of Co>*/Co*" valence
electrons.

In contrast, it is momentous to highlight that the amount of
PEI introduced has an obvious impact on the catalytic perfor-
mance of the Co-NC-x-700 °C microspheres (Fig. 4b). The
improvement of the removal efficiency followed the order of Co-
NC-0.25-700 °C > Co-NC-0.2-700 °C > Co-NC-0.1-700 °C > Co-
SNC-0.3-700 °C > Co-NC-0.4-700 °C. Increasing the amount of
electron-rich N introduced at the beginning (0.1, 0.2, and 0.25 g)
could further modify the surface structure of the C,*” which
could improve the catalytic performance. Nevertheless, exces-
sive PEI introduction (0.3 and 0.4 g) may lead to aggregation of
Co,0,, NPs, resulting in fewer active sites and smaller SSA, thus
reducing the degradation efficiency.* In addition, a much more
irregular and disordered morphology for Co-NC-0.4-700 °C is
also proved in Fig. S1f.}

However, another fascinating finding is that there is
a similar trend to that of the PEI content with the increase of
pyrolysis temperature. That is, the pyrolysis temperature has
a greater influence on the degradation efficiency (Fig. 4c). The
results revealed that Co-NC-0.25 obtained at 700 °C afforded the
best catalytic activity and it was suitable for large-scale
production for subsequent experiments. In comparison, the
ideal catalytic performance of the catalysts could not be ach-
ieved at other pyrolysis temperatures, obviously, Co-NC-0.25-
500 °C, Co-NC-0.25-600 °C, and Co-NC-0.25-800 °C exhibited
removal efficiencies of 50.57%, 63.24% and 73.91% for MB
degradation within 6 min, respectively. This is probably due to
the fact that active sites don’t grow well at lower pyrolysis
temperatures (600 and 700 °C).'* While when the carbonization
temperature is increased to 800 °C, the collapsed C-N skeleton
leads to a decrease in catalytic activity. Such results make it
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clear that the N heteroatom in the carbon framework and the
pyrolysis temperature play critical roles in the degradation
experiments.

3.3.2 Effect of parameters on catalytic activity

3.3.2.1 Effect of MB concentration, PMS doses and catalyst
doses. The effects of reaction parameters were investigated to
study the synergistic removal of MB under different conditions
in the Co-NC-0.25-700 °C/PMS system. As illustrated in Fig. 4d,
the removal efficiency of MB decreases from 100% to 95.31%
with an increase in the initial concentration of MB from 40 to
140 mg L™, and the corresponding apparent rate constant (k;)
drops from 3.9822 to 0.5537 (R* > 0.99) (Fig. S107). Obviously,
the degradation efficiency of MB is inversely proportional to the
initial concentration. All of the above demonstrates that the
time-consuming nature of MB removal at high concentration is
possibly due to the following two reasons: (i) the production of
large amounts of intermediates adsorbed on the surface of Co-
NC-0.25-700 °C with an abundant pore structure results in the
covering of active sites and the hindrance of the formation of
active free radicals.** (ii) Since more free MB molecules
compete for free radicals, the decomposition of PMS to generate
free radicals is limited to a certain extent. On the basis of these
results, 120 mg L™ ' of MB solution was utilized for subsequent
experiments due to the ultrafast removal of MB at low
concentration.

Moreover, the MB removal efficiency can reach about
78.68%, 92.49% and 100% at the PMS concentrations of 1, 2,
and 3 mM, respectively. However, the MB removal efficiency is
not significantly affected with further increases in the PMS
loading (4 and 5 mM) (Fig. 5a). This might be explained by the
fact that unfavorable consumption of SO, /°OH by excess
HSO; ™ gives rise to the scavenging of SO," /°OH (eqn (1)).2**>°

HSOs™ + SO, 7/'OH — SOs"™ + SO, + H'/OH™ (1)

Also, free radical self-reaction may take precedence over free
radical/MB reactions (eqn (2)).**

SO, ™ + S0, — S,04% (2)

Similarly, the catalyst dosage also acts as a major factor for
MB removal since it could activate PMS to generate SO, and
'OH, thus resulting in improved removal efficiency. As depicted
in Fig. 5b, the removal efficiency increases from 71.22% to
100% with an increase in the catalyst dosage from 0.2 to 0.4 g
L. However, further increase in the catalyst dosage t0 0.6 g L™ *
only slightly affected the catalytic activity. Given removal effi-
ciency and cost factors, 3 mM PMS and 0.4 g ™" of catalyst were
chosen for the following experiments.

3.3.2.2 Effect of initial pH. In the MB oxidation process, the
pH of the MB solution should significantly affect the production
of free radicals. Fig. 5c shows that the MB degradation rate
maintains a high level over an initial broad pH range from 5.0 to
9.0, which covers the pH scope of most wastewater. Considering
that the MB solution is naturally weakly alkaline, it is of
particular concern whether the MB degradation efficiency

This journal is © The Royal Society of Chemistry 2019
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achieved is optimal under these conditions. Therefore, the
natural pH of MB was selected in the subsequent experiments.
With the pH ranging from 7 to 9, HSOs™ is the main species
instead of H,SOs5 due to the dissociation of PMS and further
self-reactivity of PMS free radicals (SOs ™), resulting in lower pH
of the solution and higher efficiency (eqn (3) and (4)).****

HSO57 - 505.7 + H+ (3)
2805~ — 280, + O, (4)

However, a further increase of the pH to 11 leads to the
removal efficiency decreasing to 88.9% within 6 minutes, and
the possible reasons for this are shown below (eqn (5)-(10)):

HSOs~ — SO4"~ + OH ™ (ref. 4) (5)
SO, + OH™ — SO,* + "OH (6)
SO, ~ + "OH — HSO,™ + 1120, )
Co** + OH™ — Co-OH* (8)
Co®* + H,0 — Co**-OH (9)

Co>" + 20H™ = Co(OH), | (10)

This journal is © The Royal Society of Chemistry 2019

(i) Alkaline conditions are disadvantageous to the oxidation
processes proceeding according to Le Chatelier’s principle as
shown in eqn (5). Notably, there is a problem that deserves our
consideration. Where the domination of ‘OH may lead to
a slight decrease in degradation efficiency; (ii) OH™ was
oxidized to 'OH by SO, ", and simultaneously, SO,"~ could
further react with the generated "OH. The reduction of free
radicals leads to a decrease in degradation efficiency (eqn (6)
and (7));**® (iii) a large amount of OH™ covering the Co-NC-0.25-
700 °C surface promotes the reaction between Co®>" and OH™
(H,0), resulting in loss of active sites (eqn (8) and (9));'"** (iv)
the Co-NC-0.25-700 °C is significantly reduced since Co(OH),
precipitate is formed. These results indicate that Co-NC-0.25-
700 °C performed under neutral or alkaline conditions (eqn
(10)).”

In contrast, about 87.6% MB could be decomposed within
6 min at pH 3 while only 27.9% could be decomposed at pH 1.
Thus PMS activation is slower at relatively lower pH values,
following two aspects (eqn (11) and (12)):

‘'OH + H" + ¢~ — H,0 (11)
SO, +H"+e¢ — HSO, ™ (12)

(i) PMS may be more stable under acidic conditions;** (ii)
SO, ~ and "OH could be quenched by H, which reduces the
catalytic performance.®

RSC Adv., 2019, 9, 5009-5024 | 5017
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3.3.2.3 Effect of coexisting ions and illumination. To some
extent, the presence of inorganic anions (Cl~, NO;~, SO,*7,
HCO; ™, POs*", and S,0;%7) influences the generation of radi-
cals in MB degradation. Hence, an anion concentration of 5 mM
was selected as representative to evaluate these effects, which is
a better fit for actual sewage solution (Fig. 5d). Overall, the fact
is that all added inorganic anions have a negative impact on the
degradation tests following the order of S,0;>~ > HCO; >
PO,’” > CI~ > NO;~ > SO,>7,'"1%% which is a slight deviation
from previous reports.>*” It is clear that the degradation curves
of MB partially overlap with the control experiment, indicating
that the presence of NO;~ and S0,>” show the tiniest inhibitory
impacts on catalytic efficiency.®® Compared to NO;~ and SO,>~,
Cl” shows more of a repressive effect at low concentration,
which is attributed to the conversion of Cl™ to the chloride
radical (Cl') with the assistance of SO,"~ (eqn (13) and (14)).*

SO, ™ + ClI” — SO +CI (13)

Cl'+ClI" - Cly'™ (14)

Although a detailed investigation of various concentrations
of CI"” is beyond the scope of this work, we acknowledge that the
effect of Cl™ is altered from repressive to mildly promotional
when Cl™ is added at the appropriate concentration, which may
be due to the generation of high levels of CI".**>*® Moreover, the
inhibitory effect is significant when PO,*~ and HCO; ™~ exist in
the degradation system, which may be due to their reaction with
free radicals to produce PO,"~ and HCOj; .">*> It is of impor-
tance to highlight that the most inhibition in MB degradation
was observed when S,0;>~ existed, and the main reason for this
is due to the competitive effects of absorption of $,05>~ and MB
onto the surface of the catalyst, resulting in a decline in
degradation efficiency.>®

Under normal conditions, light intensity has a certain
influence on the degradation of dyes. Therefore, there is a need
to investigate the effect of illumination on the MB degradation
procedure. The MB degradation curve in the presence of strong
light is almost completely coincident with that of light-shielded
conditions (Fig. S11}), showing only a slight promotion.
Although further studies are required to illuminate this ques-
tion, a possible tentative explanation is that only a small
amount of methylene blue is demethylated and decomposed
under intense natural light, and its effect is negligible
compared to the strong oxidation of sulfate radicals and
hydroxyl radicals.

3.3.3 Universal applicability. To investigate the general
applicability, Co-NC-0.25-700 °C was utilized as a heteroge-
neous catalyst to degrade six other organic dyes (AO7, OG, PS,
AR94, AR and MeB), an antibiotic compound (TC) and
a phenolic compound (PNP) in Co-NC-700 °C/PMS systems
(Fig. 6a-h). Fascinatingly, all pollutant concentrations were
adjusted to 3, 4, 8, 12, 2, 6, 1 and 1 times the selected concen-
tration to better distinguish the degradation ability of Co-NC-
0.25-700 °C, respectively. Almost all of the dyes can be ulti-
mately removed within 6 min, and the removal efficiency
increased following the order of AR94 > PS > MeB > OG > AO7 >

5018 | RSC Adv,, 2019, 9, 5009-5024
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AR. It should be pointed out that the peaks of AR and MeB
underwent peak shifts and peak intensity mutations when PMS
was added, separately. This may be attributed to the self-
decomposition of the PMS, leading to changes in the pH of
the systems, but this possibility remains to be explored. On the
contrary, the degradation efficiency of TC and PNP only reached
about 94.86% and 68.86% within 8 min and 24 min, respec-
tively. There is a relatively reasonable explanation for the above
phenomenon: p-nitrophenol is relatively difficult to degrade
with sulfate radicals due to the nitro substituent.” As
a comparison, the reduction of PNP to p-aminophenol (PAP)
was evaluated in Co-NC-0.25-700 °C/NaBH, systems under the
same conditions, and the conversion ratio exceeded 95% within
44 min (Fig. 6i). Furthermore, the formation of a characteristic
absorption peak at 400 nm is observed, owing to the formation
of p-nitrophenolate ions under the increasing alkalinity.® These
findings lead us to a preliminary conclusion that Co-NC-0.25-
700 °C could effectively degrade the organic pollutants, and the
degradation efficiencies follow the order of organic dyes >
antibiotic compounds > phenolic compounds,’™ which is
hardly reported in previous work.

In addition, the results of studies on running water and
seawater are shown in Fig. 7a and b, which are invaluable
because they represent simulated actual conditions. The
removal efficiency (96.68%) of MB within 7 min is slightly
reduced in running water compared to that in deionized water,
but it still remains at a high level. This may be due to the
running water containing low levels of quenching free radicals,
and proves that the material has good degradation properties. It
must also be pointed out that seawater is a very complex multi-
component aqueous solution in which various anions are dis-
solved, of which about 90% are C1~, and it also contains SO,>,
Br—, HCO; ™, CO,>7, F ™, etc. As described above, these anions
have a negative impact on the catalytic activity, resulting in
degradation efficiency of about 50% in 8 minutes and a slightly
offset of the characteristic absorption peak in the initial stages
of degradation.

3.3.4 TOC and HPLC analysis for MB degradation. From
Fig. 8a, it is indicated that the TOC removal efficiency is 68.8%
and the slope of the TOC curve gradually decreases after 6 min
of the reaction, which is similar to the degradation curve. The
elimination of TOC is very efficient in the early stages of the
reaction and significantly slows down afterward until it reaches
a balance, which may be due to the following two points: (i) the
generation of a series of intermediates; (ii) useless side reac-
tions of Co®*/Co*" and oxone. Moreover, the tailing of the TOC
curve is likely attributed to the depletion of oxone. Undoubt-
edly, all of the above results are important to understanding the
mechanisms of degradation.

Notably, HPLC detection has great significance for the
degradation of MB. Complete details are provided in Fig. S12,}
and the characteristic absorption peak generated at the residual
time of 2.9 minutes is attributed to the MB in the Co-NC-0.25-
700 °C/PMS system, and its concentration is at a higher level
(Fig. S12at). As the reaction proceeds, the superior oxidizing
agent produced by PMS can despoil benzene electrons and
destroy original paired electrons to cause an electron transfer

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Degradation of various pollutants: (a) Acid Orange 7; (b) Orange G; (c) Ponceau S; (d) Acid Red 94; (e) Alizarin Red; (f) Methyl Blue; (g)

(fora, b, c,d e f g handi), T=298K (fora, b, c,d e f g handi.
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Fig.7 Effects of different solvents: (a) running water, and (b) seawater. Reaction conditions: [MB] = 120 mg L™, [PMS] = 3 mM, catalyst = 0.4 g

L%, T =298 K, initial solution pH 7.62.

reaction. This is consistent with the observations from
Fig. S12b-d,T where the MB absorption peak intensity gradually
decreases, accompanied by the production of certain interme-
diates, indicating that the degradation process of MB is not
a simple self-decomposition, but a complex advanced oxidation
process that gradually evolves and decomposes layers. Finally,
MB is almost completely decomposed and converted into
a certain amount of intermediates, and H,O and CO, are
present at the end of the reaction (Fig. S12et), which is highly
consistent with UV-vis data. However, what the intermediate
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produced by the decomposition of MB is, and whether it is still
harmful to the water system is still unclear, and we need to
further explore this in future work.

3.4. Column catalytic efficiency and stability of the catalyst

The ability of continuous degradation is an indispensable factor
in the practical application of the Co-NC-0.25-700 °C/PMS
coupled process. As shown in Fig. 8b, the degradation rate is
quicker in the initial stages of the column catalytic process,
which can be attributed to the availability of abundant active

(b)
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(a) TOC removal of MB in the Co-NC-0.25-700 °C/PMS system; (b) column catalytic efficiency; (c) recyclability of the catalyst; (d) effect of

radical scavengers on MB degradation. Reaction conditions: [MB] = 120 mg L™ (for a, b, c and d), [PMS] = 3 mM (for a, b, c and d), catalyst = 0.4 g
L~ (fora, cand d), T = 298 K (for a, b, c and d), initial solution pH 7.62 (for a, b, ¢ and d).
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sites on the surface of the catalyst. This is conducive to rapid
contact between MB and the active sites. As the reaction
proceeds, more active sites are covered so that the catalytic
activity is slightly reduced, corresponding to the slope of the
curve increasing. This, in turn, is attributed to the repulsion
between MB molecules in the solid and bulk phases, resulting
in a low degradation rate until equilibrium at 260 minutes. This
is consistent with the kinetics of the reaction that take the shape
of an inverted “S” after the reaction is finished.

The stability of the catalyst is a crucial estimate for its practical
application, which was evaluated through consecutive opera-
tions, with the results shown in Fig. 8c. It was observed that even
after 10 cycles, the MB degradation efficiency exceeded 86%
within 6 min, which may give credit to the fact that the inter-
mediates formed on the catalyst surface could not be cleaned,
and masked the active sites. Furthermore, the active component
may slightly leach from the catalyst, which leads to a decrease in
catalytic activity. As a result, it can be seen that catalysts with low
ion leaching are responsible for water treatment (Fig. S137). The
excellent stability of this egg-box structure, which can encapsu-
late Co,O, NPs in situ into C-N co-networks rather than on the
surface, was further demonstrated. A possible tentative explana-
tion is the fact that glutaraldehyde makes the intermolecular
connection stronger and the dual action between SA/PEI and
Co”" makes the cobalt nanoparticles more stable in the catalyst.

3.5. Probable degradation and synergistic mechanism

In the Co-NC-0.25-700 °C/PMS coupled activation process, we
follow a dual-reaction-site mechanism for the Fenton-like
reaction with fast electron accumulation and depletion.'***
Firstly, Co** can be released via aerobic oxidation of Co® and
reaction of Co° with PMS.">* "OH and SO,"~ are generated with
the cleavage of the peroxide bond (-O-O-) of PMS by accepting
one electron from the Co*". Meanwhile, Co®*" can be reduced
back to Co®" via a one-electron reduction process by PMS
producing SO;"~ and can be deposited on the Co° surfaces to
release Co>". Besides, 'OH comes into being with the reaction
between SO, and water or OH . Finally, SO, /"OH with
powerful oxidizing properties can oxidize the target organic
pollutant, MB, to the intermediates, innocuous CO, and H,O.
And the reaction mechanism might be as follows: (eqn

(15)-(25))

Co’ — Co*" +2¢” E=028V (15)

2=Co" + 0, + 2H,0 — 2=Co*" + 40H" (16)
=Co’ + 2HSO;~ — =Co>* +2S0,"~ + 20H"~ (17)
=Co’ + HSOs™ + 2H" — =Co** + HSO, + H,0  (18)
Co** + HSO5s~ — Co®" + SO, + "OH (19)

Co** + HSOs~ — Co*" + 80, + OH™ (20)
Co’" + HSOs~ — Co** + SOs"™ + H* (21)

Co® + 2=Co*" - 3 =Co** (22)

This journal is © The Royal Society of Chemistry 2019
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SO, ~ + OH™ — "OH + SO~ (23)

SO,"~ + H,0 — "OH + HSO,~ — SO,> + 'OH + H" (24)
SO, 7 /'OH + MB — intermediates + H,O + CO, (25)

Co based catalysts demonstrate efficient degradation via
PMS activation and the high standard redox potential of Co>*/
Co®" (E° = +1.92 V vs. NHE) enables Co>"/Co*" to effectively self-
recycle, allowing the reaction to continue until all PMS is
depleted. The possible synergistic mechanism of MB degrada-
tion in the Co-NC-0.25-700 °C/PMS system is illustrated in
Scheme 2. At the very beginning, MB and PMS enter the highly
porous and 3D interconnected carbonaceous beads by diffu-
sion, which conforms to a “donor-acceptor complex” mecha-
®> A mass transfer driving force arises from the
concentration gradient, which can be ascribed to the confine-
ment effect of the “egg-box” structure as the reaction prog-
resses." The unique “egg-box” structure effectively controls the
aggregation and leaching of Co,O, NPs. Furthermore, the
formation of amorphous carbon is advantageous for the trans-
fer of electrons, since it will lead to a faster increase of the
degradation rate with increasing SO,"/"OH (eqn (26)-(28)).%

nism.

HSOs~ + C —» OH™ + S0, + AC" (26)
HSOs™ + C — "OH + SO,* + AC* (27)
HSOs™ + C* — H' + SOs"~ + AC (28)

It should be pointed out that the substantial combination of
N-doping and heat for modification of the C further increases
the catalytic activity, for instance: (i) the graphitic nitrogen with
higher electronegativity and a smaller covalent radius than the
C atoms can not only improve the ability to adsorb HSOs~ and
break the O-O bond (HO-SO, ) but also induces electron
transfer from adjacent carbon atoms to nitrogen;*** (ii) the
pyridinic and pyrrolic N can be considered as Lewis basic
reaction sites on account of the generation of SO,"~and "OH.**%

Classical radical scavenger experiments were performed by
using TBA without «-H and EtOH with a-H as scavengers to
confirm the contributions of “‘OH and SO, during the degra-
dation process. EtOH reacts with both "OH and SO, ~at
a similar rate (eqn (29) and (30)), but the reaction rate between
TBA and "OH is over 1000-fold faster than that of TBA and SO,"~
(eqn (31) and (32)).**=°

EtOH + "OH — products k = (1.2-2.8) x 10 M~'s™! (29)

EtOH + SO, ~ — products k = (1.6-7.7) x 10 M~ s™' (30)
TBA + 'OH — products k = (3.8-7.6) x 10 M~!'s™'  (31)
TBA + SO4"~ — products k = (4.0-9.1) x 10° M~ 's™' (32)

As shown in Fig. 8d, the degradation efficiency for MB is
slightly affected when adding 10 mL TBA after 6 min, revealing

RSC Adv., 2019, 9, 5009-5024 | 5021
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Scheme 2 The possible synergistic mechanisms of MB degradation with the Co-NC-0.25-700 °C system.

that the activation of PMS is slightly inhibited by TBA and "OH
might be involved in MB degradation. In addition, the presence
of 5 mL EtOH significantly suppresses the degradation process
and only about 69.4% MB could be removed after 6 min. More
noticeable inhibition effects are attributed to higher TBA and
EtOH concentrations. Of particular interest is that the degra-
dation efficiency decreased from 69.4 to 35.5% when the
amount of EtOH was increased to 20 mL. As observed above,
‘OH and SO,"~ are the primary reactive species, but SO,"~ plays
a major role in MB degradation, corresponding to the apparent
rate constant.

4. Conclusion

In summary, seaweed-derived N-doped versatile carbonaceous
beads with Co,0, were successfully prepared through simple
sol-gel assembly and pyrolysis procedures for the activation of
PMS. With the improved structure-activity relationship and the
synergistic effects between the C-N skeleton and the Co,O,
nanoparticles, Co-NC-0.25-700 °C exhibited remarkable degra-
dation performance for a variety of organic pollutants such as
organic dyes, antibiotic compounds, and phenolic compounds.
Fascinatingly, MB degradation based on Co-NC-0.25-700 °C/
PMS was minimally affected by a wide pH range (4-10) and
common ions (Cl-, NO;~, SO,>7, etc.). Radical quenching
experiments revealed that SO,"~ plays a more crucial role in the
Co-NC-0.25-700 °C/PMS system than "‘OH. Cycle and cobalt ion
leaching test results indicated the outstanding stability and
recoverability of Co-NC-0.25-700 °C. Of particular interest is that
the as-prepared catalysts, when implemented in simulated
actual conditions and in a column reactor designed for
a continuous flow reaction, exhibited relatively excellent

5022 | RSC Adv., 2019, 9, 5009-5024

catalytic activity and long-term operational stability. This study
will provide a new avenue, on the basis of PMS AOPs, for
a further step towards the universal application of organic
pollutant treatment.
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