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1. Introduction

Novel chemically reduced cobalt-doped g-CzN,4
(CoCN-x) as a highly heterogeneous catalyst
for the super-degradation of organic dyes via
peroxymonosulfate activation

Aboubakr Ben Hamou, &2 1*2 Mohamed Enneiymy, ) +*° Salaheddine Farsad, (22
Asma Amjlef, @22 Ayoub Chaoui,® Nisrine Nouj,? Ali Majdoub,® Amane Jada,*>°
Mohamed Ez-zahery® and Noureddine El Alem*?

This work presents a novel approach for the design and the stabilization of cobalt oxide nanoparticles
supported on g-CsN4 (CoCN-x) catalyst to efficiently degrade various organic pollutants through
peroxymonosulfate (PMS) activation. The catalyst support synthesis process involved a two-step thermal
treatment of urea, resulting in high-purity g-CsN4 material, confirmed by XPS, *C NMR, and TGA
analyses. Two cobalt oxide NP-based catalysts, CoO and a-Co(OH),, were then prepared by depositing
the cobalt nanoparticles on the g-CsN4 support using gas-phase reduction by H, (CoCN-H,) and
liquid-phase reduction by NaBH, (CoCN-NaBH,), respectively. The prepared CoCN-x materials were
characterized using several techniques, such as FTIR spectroscopy, XRD, TEM, and SEM-EDS, which
evidenced that the cobalt oxides were successfully introduced into g-CsN4. The effectiveness of
the prepared catalysts in degrading organic contaminants was evaluated by activating PMS to generate
reactive oxygen species (ROSs), 10,, SO4°~, O,°~, and HO®, as confirmed through quenching experi-
ments and electron paramagnetic resonance (EPR) analysis. These ROSs were responsible for the oxida-
tion of the target contaminants, thereby promoting their mineralization. The results showed that both
catalysts, CoOCN-NaBH,4 and CoCN-H,, exhibited high catalytic activity throughout a wide pH spectrum,
achieving hence complete degradation yields for various organic dyes, including OG, MO, BM, and RhB.

solutions were proposed aiming to improve either the process
or the material used in the polluted water treatment.'®*° On the

Undoubtedly, the issue of organic dye pollution is becoming an
increasing environmental hazard."™ Such pollution results
from the intensive development of chemical industries, which
is the primary culprit behind the environmental degradation by
organic dye pollutants.*® In the last few years, numerous
scientific papers have been published with the aim of finding
solutions to this environmental contamination problem.’™°
Despite this vast scientific production, researchers in the field
are still not satisfied with the results.'”'® Further, several
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other hand, the inefficiency of the conventional methods in
treating dye polluted water makes the discovery of new, less
expensive treatment methods with potential industrial application
an urgent matter for scientists worldwide.”**

Therefore, the activation of peroxymonosulfate (PMS) or
persulfate (PS) by functional catalysts has been identified as
a promising solution to the water pollution issue.>>*® This
method, known as sulfate radical-based advanced oxidation
processes (SR-AOPs), leads to the production of reactive oxygen
radicals and it has undergone extensive research and develop-
ment. It should be noted that the SR-AOP method has notable
advantages including a large operational pH domain, high
efficacy, and long-lasting performance.>’”® Hence, several
researchers have investigated the industrial applicability of
AOPs based on PMS activation and they have delved into the
theoretical and reaction mechanism aspects.>**° In essence,
the activation process of PMS involves mixing an appro-
priate catalyst with peroxymonosulfate (PMS) under well-defined
operating conditions (temperature, pH, time, concentration, etc.)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and Electron Paramagnetic Resonance (EPR) analysis, wherein
it was found that generating non-radical species (‘O,) is the
predominant pathway. To achieve this, Orange G was used as a
model pollutant in our study.

2. Experimental

2.1. Chemicals and reagents

All chemicals were of analytical grade and used as received
without further purification. Urea (CH,4N,0), and sodium boro-
hydride (NaBH,) were purchased from Merck. Cobalt nitrate
Co(NO3), 6H,0, ethanol (EtOH), methanol (MeOH), tert-butyl
alcohol (TBA), r-histidine, p-benzoquinone (p-BQ), orange G
(OG), methyl orange (MO), methylene blue (MB), and potas-
sium peroxymonosulfate (2KHSO5-KHSO,-K,SO,) available as
OXONE®™ were purchased from Sigma Aldrich. All aqueous
solutions were prepared with distilled water.

2.2. g-C3N, preparation

Modified g-C3N, nano sheets were first prepared, according to
literature procedures.*” Thus, as shown in Scheme 1, 10 g of
urea was placed within a crucible, which was afterwards
covered. The powder underwent calcination at 550 °C for 4 h,
with a gradual increase in temperature occurring at a rate of
2.5 °C min ', The collected material was transferred and
deposited into an open crucible. Following that, it was exposed
to further heating at 500 °C for a duration of 2 hours, with a
gradual ramp rate of 5 °C per minute. Next, after numerous
washings with distilled water to eliminate alkaline compo-
nents, especially ammonia, the brownish powder was dried
for 12 h in a vacuum oven maintained at 60 °C. Afterwards the
resulting sample was exfoliated through ultra-sonication to
obtain g-C;N, nano sheets. The final g-C;N, nano sheet sample
was then collected, washed and dried in an oven.

Calcination
—
-550°C/4h
-500°C/2h

“NH,

L 60" C/24h

300°C/4h
—
H,/Ar (33%/ 66%) \
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2.3. CoCN-x preparation

2.3.1. CoCN-NaBH,. In a beaker, 100 mg of g-C3N, and 40
ml of distilled water were introduced, and the obtained
aqueous solution was ultra-sonicated for 30 min, after which
150 mg of cobalt nitrate hexahydrate (Co(NO;),-6H,0) was
introduced. Then the resulting mixture was put in an
ultrasonic bath for 25 min, and then left under stirring for
30 min at room temperature. Then, in order to start the cobalt
ion reduction reaction, volumes of NaBH, (2 M) aqueous
solution were introduced gradually to the (Co(NOj3),-6H,0)/
g-C3N, suspension while being stirred for 2 h at 30 °C. The
produced nanocomposite was then filtered, and washed with
ethanol and distilled water to remove all unnecessary impurities.
Finally, the powder was subjected to drying for 24 h in an oven at
60 °C, to get a black magnetic powder, which will henceforth be
referred to as CoOCN-NaBH, in this study.

2.3.2. CoCN-H,. In a beaker, 100 mg of g-C;N, is
introduced into 10 ml of ethanol (EtOH) to which is added an
amount (150 mg) of cobalt nitrate hexahydrate (Co(NO;),-
6H,0). The mixture was then stirred for 8-10 h under the hood,
until the ethanol was completely evaporated, leading to a
powder, which was placed in an oven for 12 h. The resulting
powder was again placed in a tubular oven and treated under a
gaseous inert mixture of (H,/Ar) (33%/66%) with a flow rate of
12 L h™* at 300 °C for 4 h with a temperature rise of 5 °C min*,
in order to get a black magnetic powder, which will be denoted
in this work as CoCN-H,. Scheme 1 summarizes the chemical
reduction procedures applied for the preparation of used
catalysts.

3. Characterization methods

The g-C;N,, CoOCN-NaBH,, and CoCN-H, surface morphologies
and microstructures were explored using Scanning Electron

g-CsN, Nanosheets
(Co(NO;),,6H,0)

e ’Eu&/l
el

Co?*@g-C3N,

el

40miH,0

Co(NO;),,6H,0
R
##
I.::‘

60°C/24h E

- .
—rrlfyre

10 ml Et-OH

Co**@g-C3N,

Scheme 1 Schematic diagram of chemical reduction pathways employed for CoCN-NaBH,4 and CoCN-H, preparation.
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Microscopy (SEM, JEOL JSM IT-100) and Transmission Electron
Microscopy (TEM, Philips CM 200). Additionally, an Energy
Dispersive X-ray (EDX) spectrometry mapping analyzer sensor
was linked to the SEM to enhance the analysis and to assess the
samples’ chemical element compositions. The Fourier trans-
form infrared (FTIR) spectra of the g-C3N,, CoOCN-NaBH,, and
CoCN-H, catalysts were obtained by using a SHIMADZU
IRAffinity-1S instrument, whereby 1% of the sample was finely
ground and subsequently pressed with 99% KBr. The g-C3;N,
surface chemical analysis was performed by X-ray photoelec-
tron spectroscopy (XPS) (VG SCIENTA, SES-200). The solid-state
BC NMR spectrum of g-C;N, was acquired utilizing the method
of cross-polarization magic angle spinning (CP-MAS). The
experiments were conducted at room temperature with a
4-mm MAS probe in a Bruker Avance III-600. A Q500 model
(TA Instrument) was utilized to conduct thermogravimetric
analysis (TGA) of g-C;N,. In this analysis, approximately 50 mg
of the sample was subjected to a heating process from 25 to
1000 °C at a rate of heating of 5 °C min~* in an environment of
air flowing at a rate of 90 mL min ™. Finally, nitrogen adsorp-
tion and desorption isotherm analyses were conducted through
an AUTOSORB-1 instrument to measure the surface area (Sggr)
and the pore distribution of the g-C3N,.

4. Catalytic activity procedures

The efficiency of catalysts has been evaluated through the
assessment of the OG elimination degree upon the PMS activa-
tion occurring in the catalyst/PMS systems. A control test was
carried out in the absence of PMS, wherein 100 mg L™ of 50 mL
of OG was mixed with 0.1 g L™" of catalyst at its natural pH =
6.6, under regular stirring and at ambient temperature,
whereas the catalytic process was then initiated in the solution
by introducing 0.2 g L™ (0.33 mM) of PMS. Hence, at regular
specific times, a volume of 2 mL was withdrawn from the
reaction medium, collected, then separated through 0.45 pm
filter membranes, and finally analyzed. The catalyst efficacy was
evaluated through the assessment of the contaminant removal
amount, for various contaminants including MO, MB, and
RhB, and by using a similar experimental protocol as for OG
degradation. The mineralization efficiency of OG in the CoCN-
NaBH,/PMS system is typically measured using chemical
oxygen demand (COD) by a colorimetric method based on
Standard Methods for the Examination of Water and Waste-
water. To detect the presence of reactive oxygen species (ROS)
resulting via PMS activation, various quantities of radical
scavengers, including methanol (MeOH), and tert-butyl-alcohol
(TBA), were introduced into the catalyzed solution, in order to
quench SO,*~ and HO®, respectively. Furthermore, p-benzo-
quinone and r-histidine (i-his) were used as O,*~ and 'O, scaven-
gers. The accuracy of the results has been provided through
running the experiments in duplicate or triplicate. The obtained
data were averaged and plotted with error bars on the graphs.
A UV-Vis spectrophotometer (6705 UV/Vis JENWAY) was used
to determine the remaining concentration in the supernatant of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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different pollutants including OG, MO, MB and RhB. The mea-
surements were conducted at specific wavelengths for each pollu-
tant, namely, 4 = 478 nm for OG, / = 465 nm for MO, 4 = 664 nm
for MB, and 4 = 554 nm for RhB. Moreover, for the purpose of
detecting ROS involvement in the degradation process, we con-
ducted in situ electron paramagnetic resonance (EPR) analyses.
To achieve this, 50 pL of the reaction medium from each sample
was transferred into a glass capillary sealed with Crit-O-seal TM.
These capillaries were then positioned within an ESR-tube mea-
suring an outer diameter of 5 mm. During the EPR experiments,
N-tert-butyl-o-phenylnitrone (PBN) was employed as a spin-
trapping agent to capture HO®* and SO,*”, while 2,2,6,6 tetra-
methylpiperidine (TEMP) was chosen as a spin-trapping agent for
'0,. Continuous-wave EPR spectra were captured at room tem-
perature in an aerated medium using an EMX-plus X-band spectro-
meter from Bruker.

5. Results and discussion

5.1. Catalyst characterization

The chemical structure of the pure g-C;N, matrix was con-
firmed through a series of analytical techniques, including
TGA, XPS, and "*C NMR spectroscopy.

5.1.1. TGA. Fig. 1 depicts the TGA of g-C;N,. As can be
observed in Fig. 1, a distinct and net weight loss was revealed
within the temperature range of 500 to 700 °C, which corre-
sponds to the thermal decomposition of the g-C;N, skeleton
resulting in volatile gases containing C and N elements. These
findings demonstrate the absence of inorganic impurities
within the g-C3;N, structure.

5.1.2. XPS analysis. XPS survey spectra of the prepared
2-C3N, (Fig. 2a) reveal the presence of peaks located at 287.1,
398.1, and 531.1 eV, which are associated with the existence of
C, N, and O elements, respectively. To gain a deep insight into
the g-C3N, surface chemical functions, a deconvolution of each
peak was performed. Thus, the C 1s peak (Fig. 2b) exhibits the
presence of three Gaussian distributions located at 284.6,
287.4, and 288.3 eV, which are indicative of (C-C) bonds, sp”

-C,N,

1004 9

80 4

Derivative (wt.(%))

20 4

I

T T T T
0 200 400 600 800

1000
Temperature (°C)

Fig. 1 TGA curve of g-CzNy.
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Fig. 2 (a) XPS survey spectrum, and high resolution XPS spectra of (b) C 1s, (c) N 1s, and (d) O 1s of g-C3Ng.
hybridized carbon (N-C=N), and sp® hybridized carbon atoms T 3 g T g
bonded to N in an aromatic cycle (N-C-N), respectively.** The N | s j ‘_{ Nf CoCN-H, ¢ T
1s peak (Fig. 2c) revealed the presence of four peaks at 398.01, g « 3 B
399.18, 400.35, and 405.75 €V, which were attributed to (C-N), g ¥ CoCN-NaBH, §
(N—(C)3), (N-H), and n-* excitations between stacking inter- 3 (002)
calators, respectively.”®> The O 1s peak (Fig. 3c) was deconvo- = t oo
. . = +:Co
luted into two peaks at 532.1 and 533.5 eV, correspon(%mg io @ v 4-Co(OH),
surface-adsorbed water and oxygen molecules, respectively. 6 g *:g-CN,
These findings confirmed the expected g-C3N, chemical structure.
5.1.3. '>C NMR analyses. The "*C NMR spectrum of g-C;N,
obtained using the CP/MAS method has been previously pub- 100
(100) -CaN
lished elsewhere*® by our co-workers. According to these results &34
two unique and character%stlc resonance groups were seen for 10 20 20 20 A o0 70 20
the g-C;N, sample. The first groups at 165.1 and 163.0 ppm 20 (°)

were assigned to the carbon atoms (C1) linked to the -NH,
groups, also known as (N,)C(NH,) groups. At 156 ppm, the
second group correlated with the C atoms in the heptazine
units and connected to N atoms (C(N)3). The aforementioned
positions are consistent with the positions previously publi-
shed for g-C3N,,*”*° showing that the synthesized g-C3N; was
predominantly constituted of heptazine-based tectonic units.
5.1.4. XRD analysis. To investigate the changes in poly-
morph structure of g-C;N, before and after chemical reduction
with NaBH, or H,, the XRD patterns were recorded on g-C3;N,
and CoCN-NaBH, and CoCN-H, composites and they are pre-
sented in Fig. 3. Two characteristic peaks of the non-modified

1964 | Mater. Adv, 2024, 5,1960-1976

Fig. 3 XRD patterns of CoCN—-H,, CoCN—-NaBH,, and g-CzN,.

g-C3N, were observed at 13.04° and 27.48° and they were
identified as corresponding to the (100) and (002) planes,
respectively, indicating the presence of tri-s-triazine units and
the interlayer stacking of the conjugated tri-s-triazine nano
sheet, respectively.’® These two peaks characteristic of g-C;N,
were observed with a slight shift to a smaller angle in both
cobalt-doped g-C3N, catalysts (CoCN-x) as prepared by
reduction reaction with NaBH, (peaks occurring at 26 =
13.10° and 27.45°) and H, (peaks occurring at 20 = 13.26° and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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27.45°). This X-ray angle shift, accompanied by a decrease in
the peak intensity, suggests the inhibition of urea polymeric
condensation, which may be caused by the host-guest inter-
action occurring between the excessive cobalt species and the
adjacent g-C;N, layers.”’ The XRD pattern of CoCN-NaBH,
displays additional diffraction peaks occurring at 20 = 11.16°,
20 = 33.65° and 20 = 60.08°, which correspond to the planes
(003), (100), and (110) of a-Co(OH), (JCPDS#46-0605)°>* More-
over, the XRD pattern of (CoCN-H,), which was subjected to
chemical reduction by H, under an argon (Ar) atmosphere,
displays other diffraction peaks at 20 = 36.54°, 20 = 42.41°, 20 =
61.57°, 20 = 73.77°, and 20 = 77.57°. These peaks are asso-
ciated with (111), (200), (220), (311), and (222) planes of CoO
(JCPDS#71-1178).>*

5.1.5. FTIR analysis. The compositions and the structures
of the g-C;N,;, CoCN-H,, and CoCN-NaBH, catalysts were
confirmed by FTIR spectra (Fig. 4). Hence, the absorption peaks
occurring at 2900-3400 cm ™ ' were associated with vibrations of
free amino groups -NH that resulted from incomplete poly-
merization, as well as adsorbed hydroxyl species (-OH).>*™’
Meanwhile, the peaks at 1200-1650 cm™ " and the characteristic
peak at 809 cm ™' correspond to the typical stretching modes of
C-N heterocyclic rings and the vibration absorption of
the triazine units, respectively.** The FTIR analyses of CoCN-x
samples showed that the spectra of g-C;N; remained
unchanged after co-doping, except for a decrease in the peak
intensity, as well as shifts in the peak positions. These findings
suggest that the incorporation of Co species into the g-C3N,
structure took place, possibly along with a partial electron
transfer from g-C;N, to Co NPs,*®*° which is in line with the
XRD results.

5.1.6. SEM-EDS and TEM analyses. The morphologies and
the microstructures of the three synthesized materials (g-C3N,,
CoCN-NaBH, and CoCN-H,) were characterized using both
SEM and TEM.

Fig. 5 shows the morphologies of the g-C;N,, COCN-NaBH,,
and CoCN-H, as obtained from the SEM analyses. The non-
modified g-C3;N, sample (Fig. 5a) shows aggregated microstruc-
tures made up of a variety of irregular particles. However, upon
the addition of cobalt to the g-C3N, (Fig. 5b and c), the resulting

3 CoCN-H2
A

[

(%)

§ CoCN-NaBH4
€

c

o

= g-C3Ng

T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Fig. 4 FTIR spectra of COCN-H,, CoCN-NaBH,, and g-CsNg.
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agglomeration structures of CoOCN-NaBH, and CoCN-H, were
found to be identical to that of the non-modified g-C;N,.
In addition to the SEM analyses, EDS mapping was conducted
to identify the elemental composition and the relative abun-
dance of the catalyst samples. The resulting data are presented
in Fig. 5d-f, revealing the uniform dispersion of carbon, nitro-
gen, and oxygen throughout g-C;N,. However, additional cobalt
species were observed in the CoCN-x composites, which corro-
borates the successful incorporation of cobalt into the g-C3N,
structure.

To get more insights into the catalysts’ morphologies and
microstructures, TEM analysis was performed for g-C;Ny,
CoCN-NaBH, and CoCN-H, materials, and the images of the
three samples are shown in Fig. 6a-c, revealing a commonality
in their structures as they all exhibit a nano-layer structure with
a two-dimensional (2D) sheet-like morphology. The cobalt
(black portion) was deposited in the g-C3N, during the liquid
phase reduction by NaBH, (Fig. 6b). On the other hand,
chemical reduction with H, (Fig. 6c) resulted in well-defined
dense and spherical cobalt particles, having a homogeneous
size of around 9.51 nm, and distributed in the g-C3;N,
nanosheets. However, as shown in Fig. 6¢, cobalt particles
appear agglomerated to some extent due to the g-C3N,
nanosheets stacked on top of each other.

5.1.7. BET-BJH analysis. Fig. 7 displays the N, adsorption-
desorption isotherms and the BJH pore size distribution curves
of g-C3N,, providing insights into its porous properties.
Further, the observed hysteresis loop, conforming to the type
IV isotherm with an H3-type hysteresis loop (Fig. 7a), clearly
indicates the mesoporous nature of g-C;N,. The calculated
specific surface area of g-C;N, from the N, adsorption-
desorption isotherm analysis gives a value of 62.44 m> g~ .
Furthermore, the pore volume and the average pore diameter of
2-C3N,, obtained from the BJH pore size distribution (Fig. 7b),
are 0.23 cm® ¢~ * and 44.07 nm, respectively.

6. Catalytic activity for the PMS
activation

The novel synthesized catalysts’ efficiency for the OG removal
using PMS activation was examined, and the obtained results
are graphically represented in Fig. 8. In the absence of PMS, the
individual use of COCN-H,, CoOCN-NaBH,, and g-C;N, catalysts
results in the OG removal rates of less than 7%, 6%, and 6%,
respectively (Fig. 8a). This observation supports the idea that
the amount of the OG molecules physically adsorbed onto the
catalyst surface is very low and it can be regarded as negligible.
Moreover, the direct oxidation of OG without the presence of a
catalyst using only PMS resulted in a limited 5% removal in a
span of 6 minutes. This clearly highlights the challenge of
oxidizing the OG dye solely with PMS without the activation
provided by a catalyst. However, the CoOCN-NaBH,/PMS system
achieved complete degradation of OG in a remarkably swift
2-minute timeframe, while the CoCN-H,/PMS hybrid achieved
the same result in just 6 minutes. The investigation into the
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10
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Fig. 6 TEM analysis of (a) g-C3Ny4, (b) CoCN-NaBH,, and (c) CoCN-H,.
(d) NP size distribution histogram of CoCN-Hs.

efficacy of the CoCN-x/PMS system involved the use of COD
analysis to gain insight into the mineralization outcomes
after the degradation process. The COD analysis results are
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presented in Fig. 8c and d. Notably, the mineralization process
exhibited a considerably slower rate compared to the discolora-
tion of OG, owing to the increased challenge in degrading by-
products relative to their original compounds. Specifically,
approximately 76.2% and 86.9% COD removal were achieved
after 30 min for CoOCN-H,/PMS and CoCN-NaBH,/PMS, respec-
tively. Furthermore, this efficiency remained nearly constant up
to 90 min, indicative of a potential saturation limit. This
phenomenon could be explained by the insufficient initial
amount of PMS introduced.®® The COD results collectively
affirm the favorable mineralization observed in both CoCN-x/
PMS systems, thereby implying an enhanced conversion effi-
ciency of OG into H,0 and CO,. These findings highlight the
exceptional catalytic efficacy of the two catalysts in the process
of activating PMS. Therefore, the introduction of cobalt into g-
C;N, yields a remarkable synergistic effect, enhancing the ROS
generation through the catalysis of PMS. These ROS are found
to be effective in decomposing the OG dye.®"*

The g-C3N,, owing to its exceptional degree of graphitization
and uniform dispersion of Co NPs, has been found to significantly
promote electron transfer throughout PMS and Co NPs.* This, in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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turn, has facilitated the generation and conveyance of reactive
radicals. Furthermore, the Co particle size on the g-C;N,; nano-
sheets was determined to be approximately 9.51 nm, as assessed
by the TEM analyses, which seems to have a significant impact
on the conductivity and the ROS production from the PMS

activation.®* These findings offer unambiguous proof that the

© 2024 The Author(s). P

ublished by the Royal Society of Chemistry

40 50 60 70 80 90 100

Time (min)

(a) Removal rates of OG in various systems; (b) degradation of different pollutants using the CoCN—NaBH, catalyst; (c, d) COD removal of OG in

g-C3N,, possessing a considerable functional group concentration,
enabled the maintenance of a consistent Co nanoparticle size and
allowed their homogeneous distribution within the g-C;N,, ulti-
mately leading to a notable improvement in catalytic performance.

Several previous studies®®” have documented the remark-
able effectiveness of hydroxylated metal species, particularly of

Mater. Adv,, 2024, 5,1960-1976 | 1967
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a-Co(OH),, as the primary catalyst for PMS activation, corro-
borating the findings of our own investigation. This heightened
efficiency can be attributed to multiple factors, including its
high surface area, abundant availability, rapid ion insertion/
desertion kinetics, and distinctive redox properties. Further-
more, the considerable cost advantage associated with this
catalyst has garnered considerable attention, offering an attrac-
tive alternative to thermal treatment synthesis methods typi-
cally required for other structures such as Co;0, and Co00.%*%®
Thus, employing PMS as an oxidant, the catalytic activity of
CoCN-NaBH, was assessed for the breakdown of various
organic pollutants such as MO as an anionic dye and RhB
and BM (cationic dyes). Fig. 8b shows that the majority of the
pollutants degrade to zero within a maximum of 6 minutes.
Hence, the comparison of CoCN-x/PMS systems with other
studied state-of-the-art highly g-C;N,-supported cobalt oxide
species catalysts for PMS activation towards removing different
organic pollutants is shown in Table 1. It can be seen that the
catalytic activity of both CoOCN-NaBH, and CoCN-H, is excel-
lent and much better in comparison to the other catalysts,
indicating that the CoCN-x/PMS used in the current work is a
performant system for removing organic pollutants from water
bodies in a very short duration with no additional visible light
irradiation required at room temperature. As a result, the
CoCN-NaBH, catalyst investigated in the current work may

(a)

View Article Online
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facilitate the decomposition of PMS to produce active species
suited for the oxidation of many kinds of organic contaminants.

7. Effect of the reaction parameters

To explore the impact of various experimental conditions on
the OG degradation, such as the nature of water containing
the pollutant, the catalyst, the PMS dosages and initial solution
pH, the system CoCN-NaBH,/PMS was selected since it was
found to be more efficient and completely degrade the OG, in a
shorter time, in comparison to the CoCN-H,/PMS system.
Thus, as can be seen in Fig. 9a, the rate of the OG degradation
increased with increasing the catalyst dosage. A higher catalyst
dosage (0.15 g L™ ') was found to completely degrade the OG in
1 minute, while a lower catalyst dosage (0.05 g L™ ") required
more than 4 minutes. To summarize, the excellent catalytic
activity of CoCN-NaBH, can be assigned to the formation of
numerous active sites on its surface, which facilitate the
electron transfer from the catalyst to the PMS, leading to an
increase in the ROS production. Likewise, as depicted in
Fig. 9b, the increase of the PMS concentration has a favourable
influence on the reaction Kkinetics, where an increase from
0.16 to 0.41 mM of PMS results in more efficient electrostatic
interactions, occurring between the electrophilic CoOCN-NaBH,

(b)
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o 0.
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Fig. 9 Effects of (a) CoOCN-NaBH, loading, (b) PMS dosage, (c) tap water, and (d) initial solution pH on the OG degradation using the CoCN—-NaBH4/PMS
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surface sites and the HSOs  nucleophile, leading to the release
of significant ROS amounts. The effect of tap water (TW) on the
removal of OG by the CoCN-NaBH,/PMS system was studied
(Fig. 9¢). The tap water matrix was taken from the University
Ibn Zohr Agadir. The degradation efficiency of OG in distilled
water (normal condition) was 100%, while the degradation
efficiency in TW was 57% in 2 minutes. This difference in the
OG degradation efficiency may be ascribed to the elevated
conductivity and the existence of Cl~ ions in the tap water,
which mitigate the ROS production. Nevertheless, it is note-
worthy that the CoCN-NaBH,/PMS system is suitable for the
OG removal from real water samples. The role of initial pH in
practical applications is crucial to the degradation of organic
pollutants. To this end, various pH tests in a range of (3-11)
were conducted on the CoCN-NaBH,/PMS system, as depicted
in Fig. 9d. The results demonstrate noteworthy OG decomposi-
tion efficiencies with the increase of pH value from 3 to 11.
In particular, at an initial pH of 11, the degradation of OG
reached nearly 100% within a remarkable timeframe of 1 min,
contrasting with the scenario at pH 3, where complete OG
degradation required 3 min. This observed discrepancy can be
attributed to several underlying factors. Under acidic condi-
tions, H' ions may effectively scavenge radical species such as

S0,°~

and OH* (eqn (1) and (2)).”° Additionally, the higher

concentration of singlet oxygen ('0,) could be generated due to

(a)
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the transformation of PMS to SO5>~ (as represented by eqn (3)
and (4)).> Finaly, raising the pH additionally promoted the
production of hydroxyl radicals on the surface of the CoCN-
NaBH, catalyst. OH® serve as active sites for electron transfer,
thereby bolstering the catalyst’s effectiveness. Overall, the
CoCN-NaBH,/PMS system exhibited high degradation reaction
of OG over a wide pH range of 3.0-11.0.

OH* +H'+e  — H,0 (1)

SO,°~ +H'+e” — HSO,~ (2)
HSO;~ — SO5>~ + H' (3)

HSOs™ + SO5*>~ — SO,> + HSO,>™ + 10, (4)

8. Reactive oxygen species (ROS)
identification and PMS activation
mechanism

In order to identify the main ROS generated in the CoCN-H,/
PMS and CoCN-NaBH,/PMS systems and responsible for the
orange G degradation, radical scavenging experiments were
conducted, and the results are presented in Fig. 10. Based on
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Fig. 10 Scavenger effect experiments on OG removal in (a) the COCN—H,/PMS system, and (b) CoCN—-NaBH4/PMS system, and EPR signals of different
active free radicals (c) PBN-SO4*~/OH® and (d) TEMPO-10,.
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the literature, the PMS activation typically may generate either
SO,*”, HO®* and O,°" radical species, or non-radical singlet
oxygen ('0,).*° Methanol (MeOH) is used as a scavenger for radi-
cals HO®* (9.7 x 10° M ' s ) and SO,*~ (2.5 x 10" M~ ' s~ 1) 8152
Compared to SO,*~ (4.0-9.1 x 10> M~ s, tert-butanol (TBA) is
more efficient for HO® (3.8-7.6 x 10° M~ " s~ ).3"® Furthermore,
p-benzoquinone (p-BQ) is used to check the presence of O,°~ (k =
0.9-1 10° M~ ' s~ ),*®* and r-histidine (-His) is used as a sensor
to check the presence of non-radical species 'O, (k = 3,2 x
10’ M~ " s ").%* Fig. 10a and b shows that, among all scavengers
investigated, 300 mM TBA was found to have little impact on the
OG degradation rate in the catalytic system. Thus, according to the
overall OG degradation results obtained in the presence of TBA
scavenger, it can be argued that the contribution of HO® towards
OG removal was negligible. However, as shown in Fig. 10a and b,
the addition of 300 mM MeOH was found to decrease the OG
degradation rates, in the CoOCN-NaBH,/PMS and in the CoCN-H,/
PMS systems. Specifically, the degradation rates decreased to 65%
within 2 minutes for CoOCN-NaBH,/PMS and to 83% within 7
minutes for CoOCN-H,/PMS, in comparison to the initial rate of
100% obtained in the absence of MeOH. These results indicate that
the OG degradation is partially facilitated by SO,*~ radicals to some
extent in the CoCN-x/PMS system. However, the contribution of
SO,*~ radicals in the reaction system was found to be restricted,
suggesting the participation of additional reaction pathways. More-
over, the introduction of r-histidine at low concentration (2 mM)
into the reaction system resulted in a noteworthy inhibition of OG
degradation. In contrast, the introduction of an identical p-BQ
concentration (2 mM) in the reaction medium did not lead to a
significant OG degradation, indicating a minor involvement of
0,*" in the degradation reaction, and increasing the likelihood
of occurrence of a non-radical pathway (*O,). Therefore, it can be
said that the cobalt doping process in g-C3N, is a highly effective
strategy for enhancing the active site abundance on the material
surface. This, in turn, facilitates the degradation process, mainly
through a non-radical pathway, primarily induced by the genera-
tion of '0,. Our results are in accordance with previously reported
works using various systems such as Co-NC-PS,*> C0;0,/g-C5N,,”®
CoS/g-C5N4,¥ Co-N/C,*® and Co-O@CN.¥ As a result, it can be
concluded that cobalt doping plays a pivotal role in augmenting the
presence of active sites and promoting the efficient degradation of
organic pollutants. The verification and confirmation of ROS
involvement in the degradation reaction of OG were established
through EPR analysis, utilizing PBN as a spin-trapping agent for
S0,*~ and HO", and TEMP as a spin-trapping agent for 'O, across
diverse catalytic reactions.*® As depicted in Fig. 10c and d, a linear
trace was observed in the presence of either PBN or TEMP agent
when PMS operated alone in various catalytic processes, signifying
the absence of radical generation. Conversely, distinctive peaks
emerged in the EPR spectra when PMS activation occurred in the
presence of different catalysts. Hence, the EPR spectra (Fig. 10c)
vividly exhibit characteristic signals for PBN- SO,*~ and PBN-HO?®,
implying the creation of SO,*~ and HO® radicals in diverse COCN-x/
PMS systems. Moreover, the amplitudes of the PBN- SO,*” and
PBN- HO® signals were notably higher in the CoCN-NaBH,/PMS
system compared to the PBN-X signals in the CoCN-H,/PMS
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systems, indicating a substantial generation of radicals in the
CoCN-NaBH,/PMS system. Importantly, a distinct robust triplet
signal consistently appeared when TEMP was employed as the spin
agent for both CoCN-x systems (Fig. 10d), affirming the production
of '0, in the various oxidation systems under scrutiny.

The degradation mechanism is still debatable and requires
further elucidation in the future. Further, the activation of PMS
in heterogeneous systems has received considerable attention
owing to its potential for advanced oxidation processes.
A particular system of interest entails the occurrence of electron
transfer reactions occurring between cobalt ions that are doped
onto g-C3N, and PMS. The CoCN-x/PMS system, investigated in
the present study, bears a resemblance to the conventional
Fenton reaction. The aim of the work is to highlight the
mechanism underlying the PMS activation by CoCN-x, as
described in Fig. 11. It is worth mentioning that the Co/PMS
catalyst system has been demonstrated to effectively facilitate
oxidative processes via both radical and non-radical mechan-
isms in the decomposition of organic contaminants.®® It can be
inferred that the underlying mechanism of PMS-derived oxida-
tion processes is intricately related to not only the type of
catalyst employed (with particular emphasis on the interactions
between active metal centers and diverse supports) but also
the adsorptive characteristics of the organic compounds.’
In addition, the Co atoms in CoCN-x exist mainly as Co(u)
and Co(m), and according to the redox potential of the HSO5 /
SO;5~ (0.95-1.24 V) and Co(u)/Co(m) (1.92 V),”*°" they facilitate
the generation of SO,*~ and HO®. During the OG degradation,
the PMS molecules adsorb firstly onto the CoCN-x catalyst
surface. Following that, under the catalytic effect of Co(u), the
PMS O-O bond undergoes dissociation, leading to the genera-
tion of SO,*~ and OH* (eqn (5) and (6)). In another step, Co()
also promotes the generation of Co(m), which could oxidize
PMS for further OH® and SOs*~ generation (eqn (7)).°> This
catalytic electron transfer mechanism ensures a continuous
generation of Co®" and Co®', thereby facilitating the overall
catalytic reaction.’® Trapping experiments by using various
scavengers have revealed that the 'O,, generated through the
non-radical pathway, is the dominant oxidant species in the
CoCN-x/PMS system. Likewise, the formed SO5*~ may engage in
various reactions through multiple possible pathways with H,O
and HSOs , or even react in pairs, ultimately leading to the
production of '0,%°*°* (eqn (8)-(10)). Additional pathways for
0, production have been proposed, as elucidated by (eqn (11)-
(14)),%® wherein these pathways involve the contribution of
0,°*", whose generation has been corroborated by quenching
experiments conducted during OG degradation. The various
oxidant species ('0,, 0,*~, SO,*~, and HO®) produced by the
CoCN-x/PMS system directly degraded pollutants (eqn (15)).

HSO;™ + Co*" — SO,*” + OH + Co** (5)
HSO;™ + Co** — OH* + S0,>~ + Co*" (6)
HSO; ™ + Co®" — SOs*~ + Co*" + H' ()
2805*~ + H,0 — 2H" + 280,%” + 1.5 0, (8)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Possible synergistic degradation mechanism of OG by the CoCN-x/PMS system.

SOs*~ + HSO5~ — HSO,  +S0,*” +'0, 9)
2805°" — S,04% +'0, (10)

HSOs~ + H,0 — HSO,” + H,0, (11)
Co*" + H,0, — HO,* + H" + Co** (12)
HO,* —» 0,  + H' (13)

0, +OH* - OH +'0, (14)

(*O, + SO,*~ + O,* + OH*)/organic pollutants — Decomposed

products (15)

9. Conclusion

In summary, we designed cobalt-doped graphitic carbon nitride
catalysts via two reduction methods using NaBH, (liquid phase)
and H, (gas phase). At first, the g-C3N, structure was confirmed
by using several characterization methods including XPS,"*C
NMR and TGA. Further, the crystalline phases and the struc-
tural properties of cobalt doped g-C3N, (CoCN-x) were assessed
with XRD, FTIR, SEM-EDS, and TEM analyses. The results
obtained confirmed that we have successfully prepared efficient
catalysts, and indicated that the incorporated Co species in the
2-C;N, nanosheets for the two CoCN-NaBH, and CoCN-H,
catalysts exist in two forms o-Co(OH), and CoO, respectively.
The cobalt-doped g-C;N, (CoCN-x) were found to be excellent
PMS activators. Further, they could be considered as green
catalysts since their application reduces secondary pollution
owing to their magnetic properties, which facilitate their
separation from aqueous media. In addition, the present work

© 2024 The Author(s). Published by the Royal Society of Chemistry

has led to identify and to assess the cobalt doped carbon in
CoCN-x active sites for activating the PMS, in heterogeneous
catalysis via the electron transfer mechanism, towards various
dye degradation. The overall data showed a significant improve-
ment in catalytic performance, as evidenced by the production
of a higher percentage of ROS by using cobalt doped g-C;N,
(CoCN-x) in comparison to the non-doped g-Cs;N,, resulting
from the synergistic effect occurring between the cobalt oxide
(2-Co(OH), or CoO) and the g-C3N,.

The catalytic OG degradation data have shown that radical
and non-radical pathways could coexist throughout different
CoCN-x/PMS systems, but singlet oxygen '0,, which was gen-
erated through the non-radical mechanism, dominates, as
evidenced by the scavenger tests and EPR analysis that we have
carried out. Thus, the explanations for the predominance of the
non-radical pathway and the dynamic interaction of CoCN-
NaBH, and CoCN-H, catalysts with various types of pollutants
must be studied more deeply.
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