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ABSTRACT

The activated cyanobacterial carbon (ACC) prepared from Chaohu Lake cyanobacteria was used as a
carrier for nitrogen doping to synthesize nitrogen-doped activated cyanobacterial carbon (N@ACC),
a highly efficient activation material. N@ACC was found to be an effective catalyst for the degra-
dation of Orange II (OII) dye by activating peroxymonosulfate (PMS). Characterization of NeACC
showed that it had a larger specific surface area (159.12 m*g) than ACC and an average particle
size of 3.28 nm. N@ACC also contained various functional groups such as C=O, C=N, and -OH. To
optimize the degradation of OII, the reaction conditions of the N@ACC activated PMS system were
adjusted. The N@ACC activated PMS system was able to achieve a degradation rate of 98.8% for
OII (100 mg/L) within 35 min, which was significantly higher than the rate achieved by the ACC
activated PMS system (19.5%). The degradation reaction followed first-order kinetics and indicated
a combined free radical mechanism. Compared to ACC, N@ACC contained a higher content of
nitrogen, specifically pyridinic and graphitic nitrogen. The results showed that introducing nitro-
gen would refactor the structure of raw carbon, regulate its properties, and create new active sites
for the degradation of pollutants. Moreover, N@ACC does not need metallic elements to improve
PMS degradation efficiency. Therefore, the synthesis of N@ACC could be used as a new way to
activate PMS.
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1. Introduction

Biochar has attracted much attention due to its advan-
tages of a green economy and ideal immobilization. Biochar
has seen rapid development in catalytic materials due to
its diverse composition, hierarchical porous structure,
low cost, and environmental friendliness. Simultaneously,

* Corresponding author.

designing and modifying biochar through various phys-
ical or chemical methods has been attempted to improve
its performance. Different modification methods affect the
physical and chemical properties of biochar. Generally,
metal biochar, formed by loading metals with biochar,
such as platinum, silver, manganese, iron, and cobalt, has
been widely studied as an effective material. However,

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.



102 J. Chen et al. / Desalination and Water Treatment 296 (2023) 101-110

the secondary pollution caused by metals must be consid-
ered. Therefore, it is essential to improve some functional
characteristics of biochar as needed [1-3]. Carbon materi-
als have attracted widespread attention as a new type of
non-metallic activator [4], however, raw carbon has always
shown unsatisfactory catalytic performance. Therefore,
unremitting efforts have been made to break the inertia
and improve their catalytic performance through chemical
modification [5,6]. In the realm of activators for advanced
oxidation techniques like peroxymonosulfate (PMS), car-
bon-based nanomaterials are particularly appealing due
to their effective catalytic properties and eco-friendliness.
Heteroatom doping, particularly nitrogen doping, has
emerged as a simple and effective approach for adjust-
ing the electronic properties of the sp? hybridized carbon
framework and creating additional active sites. During the
nitrogen doping process, three typical nitrogen-bond struc-
tures are usually formed in the carbon network. Various
carbon-based materials, including graphene oxide, carbon
nanotubes, and nanodiamonds, have been utilized in water
treatment and have demonstrated impressive capabilities
for handling pollution issues [7-13]. However, raw carbon
catalysts show poor stability in heterogeneous reactions.
Consequently, doping heteroatoms with nitrogen, sulfur,
phosphorus, or boron in the carbon honeycomb network is
an effective strategy to solve this problem [14-20].

The primary contents of this study are as follows:
(1) synthesizing nitrogen-doped activated cyanobacterial
carbon (N@ACC) using a simple method, (2) characterizing
and analyzing the physicochemical properties of N@ACC,
(3) exploring the influencing factors of PMS activated by
N@ACC on Orange II (OII) dye, and (4) investigating and
analyzing the mechanisms of reaction.

2. Materials and methods
2.1. Materials

Activated cyanobacterial carbon (ACC) was obtained
using cyanobacteria collected from Chaohu Lake as the raw
material. The percentages of elements C, H, N, and O in cya-
nobacteria were 46.68%, 7.36%, 7.02%, and 38.94%, respec-
tively. PMS (KHSO,-0.5KHSO,-0.5K,SO,), potassium iodide
(KI), potassium chloride (KCI), potassium bromide (KBr),
potassium ferrate (K FeO,), hydrochloric acid (HCI), sodium
hydroxide (NaOH), ethanol (C,H,O), methanol (CH,OH,
denoted as MeOH), tert-butyl alcohol ((CH,),COH, denoted as
TBA), and furfuryl alcohol (C,H,O,, denoted as FFA) were pur-
chased from Aladdin Reagent Co., Ltd., China. Additionally,
urea, OIl (C H, NNaO,;S), Congo red (C,H,NNaQOS,
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denoted as CR), and rhodamine B (C,H,,CIN,O,, denoted as
RB) were purchased from Sinopharm Chemical Reagent Co.,

Ltd., China. All reagents were analytical grade.

2.2. Preparation of N@ACC

Appropriate amounts of dry cyanobacteria powder
were placed in a crucible. The tube furnace was heated up
to 500°C and maintained for 6 h, with a heating rate of 10°C/
min, while under N, protection. After maintaining the car-
bonization temperature for 6 h, the furnace was allowed
to cool. The carbonized powder was then passed through

a 100-mesh sieve and soaked in 1 mol/L of HCI for 12 h.
Following this, the ash was removed, and the powder was
washed with deionized water, dried under neutral condi-
tions, and stored for further use. Additionally, 5 g of ACC
was taken and soaked in K FeO, (solid-liquid ratio = 1 g:
100 mL, 0.1 mol/L). Then, it was soaked in urea solution for
24 h (urea/ACC = 2, w/w), dried at 60°C, and ground into
fine particles. Then, the fine particles were calcined at 800°C
for 2 h (heating rate = 10°C/min) and acid washed. Finally,
they were washed with deionized water several times, dried
at 60°C, and ground through a 200-mesh sieve to obtain
the remaining N@ACC black powder.

2.3. Analytical methods

The scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) images of the samples were
observed using S-4800 cold-field emission (Hitachi, Japan)
and FEI-TALOS-F200X (Fei, America), respectively. The spe-
cific surface area and pore size of the particles in the sam-
ples were determined from the N, adsorption/desorption
curves using a fully automated surface and porosity tester
(Quantachrome, America). Additionally, the zeta poten-
tial was measured at different pH using a zeta analyzer
(Zetasizer Nano-ZS 90, Malvern, America). The X-ray dif-
fraction (XRD) patterns and X-ray photoelectron spectrom-
eter (XPS) were recorded using an X-ray diffractometer
(TD-3500, Tongda, China) and an spectrometer (K-Alpha,
Thermo Fisher, America). The samples were analyzed
using Fourier-transform infrared (FT-IR) spectroscopy with
an FT-IR spectrometer (Nicolet iS50 Continuum, Thermo
Fisher, America), and Raman spectra were obtained using
a confocal laser micro-Raman spectrometer (DXR, Thermo
Fisher, America). To measure the absorbance of OII, CR,
and RB, an ultraviolet spectrophotometer (Shanghai Yuanxi
Instrument Co., Ltd., China) was used, with wavelengths of
484 nm, 488 nm, and 570 nm, respectively. The radicals in
the samples were detected by using electron paramagnetic
resonance (EPR, Bruker A300, Germany) in the presence of
5,5-dimethyl-1-pyrroline-1-oxide (DMPO) and 2,2,6,6-tetram
ethyl-4-piperidone (TEMP).

3. Results and discussion
3.1. Material characterization
3.1.1. SEM and TEM

The surface morphologies of ACC and N@ACC observed
using SEM and TEM are shown in Fig. 1. The surface of ACC
was relatively smooth with a compact structure. However,
the surface of N@ACC was looser with a large number of
void structures, providing more reaction area and contact
sites for the subsequent reactions. The surface area, porous
structure, and diameter of the pores are the main physical
factors affecting their interaction with organic pollutants.
Modifying the pore structure can create medium and micro-
pores, which enhance the reaction with organic pollutants.
The reaction of organic pollutants mostly takes place in the
microporous structure. However, the strong adsorption
of organic matter in the micropores results in irreversible
adsorption, which can significantly reduce the efficiency of
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pollutant removal. The microporous structure also affects
the adsorption, desorption, and migration of organic pol-
lutants in the environment, making it essential for pollutant
penetration [21-23].

3.1.2. BET and zeta potential

The reaction mainly occurred on the surface of the acti-
vator due to the activation of PMS. Therefore, the specific
surface area of N@ACC was determined for further under-
standing. The specific surface areas of ACC and N@ACC
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were 97.46 and 159.12 m?/g, respectively. The pore volumes
of ACC and N@ACC were 0.057 and 0.0709 cm?®/g, respec-
tively. Therefore, the pore volume of N@ACC was greater
than ACC. Good porosity and pore size are the keys to sin-
gle doping. The Brunauer—-Emmett-Teller surface area and
N@ACC pore volume according to the nitrogen adsorp-
tion isotherm are shown in Fig. 2. The N@ACC adsorption
isotherm was a typical type IV isotherm according to the
IUPAC classification, with P/P  having an H, hysteresis loop
between 0.4 and 1.0, implying the presence of micro- and
mesopores in N@ACC, with an approximate average pore
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size of 3.28 nm. Furthermore, the zeta potentials of N@ACC
and ACC measured at different pH are shown in Fig. 3. The
value of the point of zero charge (pH,, ) was 4.10 for NeACC.
The results showed that NeACC had higher zero potential
and stronger adaptability in environmental applications
than ACC, which had pHch =2.32.

—— ACC
—0— N@ACC

Zeta potential (mV)

6

pH value

Fig. 3. Zeta potentials of (a) ACC and (b) N@ACC.
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3.1.3. XRD, XPS, FT-IR, and Raman analysis

The XRD spectra of ACC and N@ACC are shown in
Fig. 4a. Sharp (011) diffraction peaks appeared at 26.8° for
ACC and N@ACC, indicating that they had graphitized
structures. However, the diffraction peak intensity for N@
ACC was significantly enhanced compared with ACC, indi-
cating a good order and the formation of an ordered lay-
ered structure for N@ACC. Furthermore, the XPS spectra
are shown in Fig. 4b. ACC showed Ols (351 eV) and Cls
(293 eV) elemental signals. Additionally, N@ACC showed
an Nl1s peak at 378 eV, and the presence of Ols and Cls
elemental signals. In addition, FT-IR analysis was done to
explore the effect of nitrogen doping on the surface prop-
erties of materials, as shown in Fig. 4c. ACC and N@ACC
displayed similar infrared absorption peaks. They showed
C-O and -OH stretching vibration infrared absorption
peaks at 1044 and 3435 cm™, respectively. Additionally,
they showed C=C and C=N stretching vibration absorp-
tion peaks at 1628 and 2252 cm™, respectively. Additionally,
Fig. 4d illustrates the outcomes of the Raman spectral anal-
ysis conducted on ACC and N@ACC. The D- and G-bands
for both materials were observed at 1344 and 1589 cm,
respectively. The I /I intensity ratio for N@ACC was
1.01, indicating the presence of significant C-N structural
defects and nitrogen atom doping in the carbon lattice.
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Fig. 4. (a) X-ray diffraction, (b) X-ray photoelectron spectroscopy, (c) Fourier-transform infrared spectroscopy, and (d) Raman

analysis of ACC and N@ACC.
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3.2. Effect of reaction conditions in the N@ACC/PMS system on
OlII degradation

The batch experiments were conducted in a 250 mL
glass conical flask containing 100 mL of OII (100 mg/L) at
an oscillation frequency of 110/min. The effects of differ-
ent reaction conditions were studied in the N@ACC/PMS
system on OII degradation.

3.2.1. Effect of N@ACC dosage

Initially, a constant temperature of 25°C and at pH 6,
the effect of N@ACC dosage (0.1-0.4 g) on OII degradation
is displayed in Fig. 5a. The OII degradation rate increased
from 56.6% to 98.8% when the N@ACC dosage increased
from 0.1 to 0.2 g. The increase in the amount of N@ACC
provided more surface reaction sites, thereby improving
the OII degradation rate and accelerating the reaction rate.
However, the OII degradation did not continue to improve
with a further increase in the N@ACC dosage. Continuing
to increase to 0.3 or 0.4 g, the degradation rate has reached
saturation and will no longer increase. Conversely, the
degradation rates at 0.3 and 0.4 g were even lower than
that at 0.2 g. Thus, the optimal N@ACC dosage was deter-
mined to be 0.2 g as it not only enhanced the degradation
efficiency but also reduced the consumption of activator
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materials. As shown in Fig. 5b, the kinetic simulation of the
dosage showed that the degradation process conformed
to the first-order kinetic process.

3.2.2. Effect of temperature and pH

The comparison of the degradation effect of OII at dif-
ferent temperatures (10°C, 25°C, and 40°C) are shown in
Fig. 6a, it can be seen that the final degradation rate of OII at
all three temperatures reached more than 98%. Additionally,
the degradation rate of OII increased with temperature.
Hence, the N@ACC/PMS system demonstrated a broad
range of reaction temperature applications with degrada-
tion rates of 2.793, 2.808, and 2.815 mg/L-min at 10°C, 25°C,
and 40°C, respectively. Moreover, the OII degradation rate
by the N@ACC/PMS system increased with pH values
ranging from 2 to 10. The color of the OII solution became
lighter in an environment with a strong alkaline pH beyond
8. N@ACC had a pH_, of 4.1 and a rich cation exchange
system. Thus, positive charges on the catalyst surface were
more active. Therefore, the pH value of the reaction sys-
tem in this study was set to 6, which was more abundant
in anions and promoted the interconversion of positive and
negative charges on the catalyst surface, leading to efficient
electron transfer and accelerating the degradation of OIL
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Fig. 5. Effect of different (a) dosages and (b) kinetic process on Orange II degradation in the N@ACC/PMS system.
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Fig. 6. Effect of different (a) temperatures and (b) initial pH on the Orange II degradation in the N@ACC/PMS system.
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3.2.3. Effect of halogen ion

Halogen ions (I, Br, CI") are common anions present in
dye wastewater and may influence the reaction process [24].
As shown in Fig. 7a—c, the OII degradation rate decreased
rapidly with increased halogen ion concentration. The OII deg-
radation rate decreased to 0.021 L/mol's when the I" concen-
tration in the solution was increased to 4.0 mmol/L. Additio-
nally, the OII degradation rate decreased to 0.040 L/mol's
when the Br~ concentration in the solution was increased to
20 mmol/L. Furthermore, the OII degradation rate decreased
to 0.042 L/mol-s when the CI~ concentration in the solution was
increased to 2.0 mol/L. The data concluded that halogen ions
exerted an evident inhibition effect on the OII degradation
by the N@ACC/PMS system. The inhibition effect of halogen
ions on the degradation follows the order: I > Br- > CI. The
competition for active sites of free radicals is the primary rea-
son for the inhibitory effect of halogen ions on the degrada-
tion of OII Previous research suggests that halogen ions can
impede the electron transfer of oxidizing radicals during pol-
lutant degradation, leading to competition for active sites and
slowing down the oxidation of radicals. The presence of com-
mon halogen ions (I, Br, CI") generates nonspecific oxidizing
halogen radicals (L,*, Br,", and Cl,") by gaining energy and
electrons during competition, which eventually diminishes
the degradation of pollutants [25,26]. Hence, the presence of
halogen elements hampers the degradation of OII dye pol-
lutants by competing with active radicals for free sites.

3.2.4. Effect of different reaction systems

The OII degradation effect under different reaction sys-
tems with 0.2 g of N@ACC and 0.056 g of PMS was explored,
as shown in Fig. 8. The adsorption effect of 0.2 g of ACC
and 0.2 g of N@ACC was poor with less than 17.2% of OII
removal rate. Additionally, the OII degradation rate by the
ACC/PMS system was 19.5%, and there was no obvious acti-
vation effect. However, the OII degradation rate of the N@
ACC/PMS system reached 98.8% within 14 min, realizing
high-efficiency activation. Therefore, the results showed
that N@ACC had the highest activation effect.

3.3. Analysis of the reaction mechanism
3.3.1. Inhibition experiment in the N@ACC/PMS system

MeOH, TBA, and FFA were selected as scavengers to
determine the free radicals that play a role in the reaction

process. MeOH could react with SO, (9.7 x 10° L/mol's) and
*OH (3.2 x 10° L/mol's) [27]. TBA is an efficient "“OH scaven-
ger since it has a high reaction rate constant for *OH (3.8-
7.6 x 10° L/mol's). However, it is not sensitive to SO, since
it has a low reaction rate constant or SO, (4.0-9.1 x 10° L/
mol's). Therefore, TBA can be used as a probe for “‘OH [28-
30]. Furthermore, FFA can react rapidly with 'O,, so it can
be used as the capture agent for 'O, [31-33]. The experimen-
tal results are displayed in Fig. 9. The OII degradation rates
were 33.3%, 40.5%, and 22.1% of adding MeOH, TBA, and
FFA within 35 min in the N@ACC/PMS system, respectively.
Therefore, the reaction rate was reduced, and the OII deg-
radation was significantly inhibited compared with a blank
group. *OH, SO, and 'O, were the active substances that
played roles in the reaction, and 'O, played the major role.

3.3.2. Test and analysis of EPR and XPS

The EPR test was conducted to further determine the
free radicals that played a role in the reaction process. As
shown in Fig. 10, the results indicated that as the reaction
progressed, there were obvious DMPO-*OH, DMPO-S0O,™,
and TEMP-'O, characteristic peaks with 1:2:2:1, 1:1:1:1:1:1,
and 1:1:1 intensity pattern in the N@ACC/PMS system,
respectively, and the intensity gradually increased. The
study confirmed that *OH, SO,™*, and 'O, were the free rad-
icals involved in the reaction. Additionally, no significant
characteristic peak was detected in comparison with the
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Fig. 8. Effect of different reaction systems on the Orange II
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starting point of the reaction, indicating that the 'O, gener-
ated originated from PMS rather than the dissolved oxygen
in the water. The results of the EPR analysis experimentally
supported the inhibition hypothesis, indicating that N@
ACC activation of PMS followed a combined mechanism
of free and non-free radicals. Furthermore, XPS were ana-
lyzed, as shown in Fig. 11. Introducing nitrogen in raw car-
bon will destroy its structure, regulate its physical, chem-
ical, and electrical properties, and create new active sites
for various reactions [34-41]. The N and C elements were
analyzed by XPS. As seen from Fig. 11a and ¢, four peaks
which belonged to pyridinic N, pyrrolic N, graphitic N, and
N oxides were fitted for 398.2, 399.9, 401.1, and 403.3 eV
binding energies, respectively. The relative percentage of
each nitrogen-based moiety had increased from ACC to
N@ACC since the urea-derived nitrogen functionalization
may have led to the change of nitrogen in ACC. Therefore,
nitrogen might play an important role in promoting the acti-
vation of PMS. Pyridinic N at the N@ACC edge could be
used as Lewis basic reaction site to induce the redox pro-
cess, forming SO, and *OH [42]. More importantly, since
graphite N had a smaller covalent radius and higher electro-
negativity than carbon atoms, it would induce the transfer
of electrons from adjacent carbon atoms to nitrogen atoms
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Fig. 9. Effect of different radical scavengers on Orange II
degradation in the N@ACC/PMS system.
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[43-45]. As seen in Fig. 11b and d, the peaks of C=N and
C-N appeared for N@ACC after the urea-mediated nitro-
gen functionalization. The activation and participation of
C=N and C-N in generating 'O, were considered to assist
PMS. Additionally, the adjacent positively charged carbon
atoms in C=O more easily accepted the nucleophilic addi-
tion of PMS, promoting the formation of 'O, [46]. Surface
chemical groups of N@ACC before and after used in the N@
ACC/PMS with the OII dye are analyzed in Fig. 11b and d,
indicating no significant changes in the nitrogen and car-
bon group species on the surface. However, the content of
pyridinic N decreased slightly from 6.22% to 5.32%, sug-
gesting its role in the degradation of OII dye. As previ-
ously mentioned, pyridinic N at the N@ACC edge acted as
a Lewis basic reaction site, inducing the redox process to
produce SO, and *OH [42]. The type and content of chem-
ical groups on the surface of the N@ACC material remained
stable after used in the reaction, indicating good stability
and recyclability of the material from a microscopic per-
spective. The mechanism of activation of PMS by N@ACC
is shown in Fig. 12, the proposed mechanism underlying
the OII degradation reaction by the N@ACC/PMS system.
The pH , analysis indicated that the reduction in the elec-
trostatic repulsion between PMS and N@ACC increased the
probability of collision, promoting the transfer of electrons
from the suspended state to C=O and producing various
nitrogen active groups [47-53].

3.4. Reuse and wide application of N@ACC in the reaction

The reuse performance of N@ACC is explored in Fig. 13a.
The OII degradation efficiency was 90.4% and 87.3% after
one and two reuses, respectively, on recycling and drying
N@ACC after the reaction. Although the degradation effect
slightly decreased, it remained at a high level. Additionally,
it had good activation performance for PMS after reuse.
N@ACC was found to be widely utilized, as shown in Fig.
13b, demonstrating the degradation of three different dyes
(OIL, CR, and RB) under the same experimental conditions
in the N@ACC/PMS system. The results revealed that the
anionic dyes of OII and CR were degraded to more than
98% within 35 min, while the cationic dye RB was degraded
only to 48.5%. The zeta potential analysis indicated that
N@ACC had a cation exchange system that could specifi-
cally recognize anionic dyes, allowing for rapid transfer of
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Fig. 10. EPR spectra for (a) DMPO and (b) TEMP of N@ACC/PMS system.
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Fig. 12. Proposed mechanism underlying the Orange II degradation reaction in the N@ACC/PMS system.
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Fig. 13. (a) Reuse of the N@ACC for Orange II degradation and (b) degradation rate of different dye in the N@ACC/PMS system.

positive and negative charges on the surface of the material
[54]. Therefore, the degradation of anionic dyes by N@ACC
was more effective. Previous similar studies were compared
to better illustrate the effect of N@ACC on the degradation
of dyes. For example, Chen et al. [55] synthesized cyano-
bacterial carbon-supported nano-zero-valent iron materials
to activate PMS and degrade OII, offering 98.3% degrada-
tion of OII Khose et al. [56] developed a simple and highly
effective method for synthesizing a boron nitride, chitosan,
and graphene-based composite, which was used to degrade
OIl with a degradation rate of 57%. Overall, N@ACC
exhibited good properties in activating PMS.

4. Conclusion

N@ACC was successfully prepared to achieve stable
and efficient activation of cyanobacteria carbon. The OII
removal rate degraded by the N@ACC/PMS system reached
98.8% within 35 min. Introducing nitrogen would refactor
the ACC structure, regulate its properties, and create new
active sites for the degradation of pollutants. The activated
biochar material of N@ACC was prepared using urea and
cyanobacteria, which could realize the resource utilization of
cyanobacteria and efficient PMS activation.
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