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Abstract: The development of appropriate and effective periodate (PI) activation technology is
currently a popular research area. This study presents a novel efficient photocatalytic activation
approach of PI for pollutant degradation based on carbon nitride (g-C3N4) and visible light (Vis). The
results show that the system can remove 92.3% of acid orange 7 (AO7) within 60 min under the g-
C3N4/PI/Vis reaction system. The degradation rate constant (kobs) reached 4.08 × 10−2 min−1, which
is 4.21, 5.16 times, and 51.3 times higher than that of the g-C3N4/Vis system (9.7 × 10−3 min−1),
PI/Vis system (7.9 × 10−3 min−1) and the g-C3N4/PI system (7.96 × 10−4 min−1), respectively.
Clearly, the addition of PI significantly enhances the degradation efficiency of AO7 in the system.
Additionally, under the same reaction conditions, the presence of PI showed excellent oxidation
capacity in the photoactivation process compared with other common oxidants, such as peroxymono-
sulfate, peroxydisulfate, and H2O2. Moreover, the g-C3N4/PI/Vis system showed excellent removal
of AO7 across a wide range of pH levels and in the presence of various anions. Electron paramagnetic
resonance (EPR) and quenching experiments suggested that the superoxide anions (•O2

−) and singlet
oxygen (1O2) dominated in the oxidation of pollutants in the g-C3N4/PI/Vis system. In addition, the
catalyst showed relative stability during cyclic testing, although a slight reduction in degradation
efficiency was observed. In brief, the g-C3N4/PI/Vis system is highly efficient and environmentally
friendly, with significant application potential in wastewater treatment.

Keywords: carbon nitride; periodate; visible light; catalytic degradation; mechanism

1. Introduction

Over the past decade, water pollution has emerged as a significant issue, particularly
due to persistent organic contaminants in water that seriously endanger both ecological
and human health [1–4]. For instance, Acid Orange 7 (AO7) is a characteristic azo dye
that is widely used in wool textile dyeing. This kind of azo dye is mostly resistant to
biodegradation and seriously harms the ecological environment. Thus, AO7 has always
been selected as a model target molecule in the water treatment filed since it contains the
“core structure” of all azo dyes and possesses similar physicochemical properties [5]. To
address the escalating challenge posed by refractory organics, the development of efficient
and green water treatment technologies is urgently needed. Advanced oxidation processes
(AOPs), based on the activation of various oxidants, are particularly effective at degrading
non-biodegradable and hazardous substances, such as pesticides, pharmaceuticals, and
industrial dyes. Since a sole oxidant cannot directly destroy organic contaminants due to
its low redox capacity, catalysts are always required to activate oxidants (e.g., hydrogen
peroxide (H2O2), persulfates (PS), periodate (PI), etc.) to produce highly reactive oxygen
species that are able to directly degrade organic contaminants. As a result, finding an
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effective catalyst that can activate an appropriate oxidant has become a research frontier [6].
Due to its easier activation and its ability to produce a variety of robust oxidative species in
situ, such as superoxide radicals (•O2

−), singlet oxygen (1O2), hydroxyl radicals (•OH), and
iodine radicals (IO3

•), PI activation systems have shown great promise as rapid pollutant
decontamination techniques in comparison to other common oxidants [7,8]. Despite its
powerful oxidizing capacity (+1.6 V), PI struggles to efficiently eliminate organic pollu-
tants [9]. To enhance the oxidation capacity of the system, PI has been activated using a
variety of techniques, such as ultrasound (US) [10], freezing [11], alkaline [12], hydrox-
ylamine [13], transition metals [14], and carbon-based catalysts [15]. These techniques
produce a variety of reactive species that contribute to the degradation of organic contami-
nants in PI-based AOPs. Transition metal-based heterogeneous catalysts stand out among
the numerous PI activation techniques that have been thoroughly studied because of their
advantages, which include no additional energy input, low cost, ease of operation, and
moderate conditions [16]. For example, metal oxides, such as MnO2, Fe2O3, and Co3O4,
have been widely used in the heterogeneous activation of PI systems, leading to the pro-
duction of reactive species for rapidly degrading contaminants in water [17–19]. However,
the potential for secondary contamination, induced by metal ion leaching under certain
reaction conditions [20,21], hinders their widespread applications and necessitates further
attention. As a result, finding highly active and environmentally friendly heterogeneous
activators is critical to enhancing the practicality of this technology. In recent years, carbon
materials have emerged as the most promising heterogeneous activators of peroxides for
sewage treatment due to their superior activation performance and cost-effectiveness [22].

Carbon materials are gaining prominence due to their distinct characteristics, such
as low cost, non-toxicity, and feasibility in synthesis and modification. A variety of car-
bon catalysts, including activated carbon, biochar, carbon nanotubes, and graphene, are
used extensively. Chen et al. [23] reported a novel system for activating PI via metal-free
polymeric carbon nitride (CN); however, it achieves a pollutant removal of only about 20%
when both PI and the catalyst are present. He et al. [24] reported a novel system for acti-
vating PI via biochar prepared from pulp sludge; The complete degradation of pollutants
requires 90 min, and a substantial amount of PI is needed for each group of degradation
experiments. Obviously, the potential oxidation activity of PI cannot be realized unless it is
effectively activated. Thus, researchers have developed a carbon material that harnesses
visible light for photocatalytic degradation, promoting the oxidation process and more
effectively utilizing the solar spectrum [25]. Thus, developing an appropriate carbon-based
material responsive to visible light is expected to be an effective approach for PI activation.

Carbon nitride (g-C3N4) has received considerable interest in photocatalytic processes
due to its relatively narrow band gap (~2.7 eV), facilitating efficient utilization of visible
light. Furthermore, compared with other carbon materials, g-C3N4 stands out and exhibits
advantageous characteristics, including consistent physical and chemical properties, sim-
plicity in preparation, eco-friendliness, and the capacity for large-scale production [26,27].
Given these merits, it has been widely applied in the activation of common oxidants for
the degradation of pollutants [28]. Consequently, introducing carbon nitride materials
into the photoactivated PI system can greatly increase the removal efficiency of pollu-
tants. Of note, the photoactivated PI in the presence of g-C3N4 system is rarely reported,
and the specific reaction mechanism of the g-C3N4/PI/Vis ternary system deserves to be
thoroughly investigated.

In this study, g-C3N4 was synthesized via a one-step thermal polymerization process
and applied in PI activation for the elimination of AO7 under visible light irradiation. The
main contents of this study are as follow: (i) investigating the ability of the g-C3N4/PI/Vis
system to degrade AO7 and explaining the synergistic performance of the heterogeneous
photocatalytic PI process; (ii) assessing the effects of catalyst dosage, PI dose, pH, and
common anions on pollutant removal; (iii) exploring the dominant reactive species involved
in the oxidation of contaminants and the associated activation mechanisms; (iv) evaluating
the cycling capabilities of the catalyst and comparing the performance of contaminant
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removal using other oxidants, such as peroxymonosulfate (PMS), peroxydisulfate (PDS),
and H2O2. The findings of this study offer an experimental foundation and insights for the
application of heterogeneous PI-activated systems in environmental remediation.

2. Materials and Methods
2.1. Chemicals and Reagents

Acid Orange 7 (≥99.0%), sodium periodate (≥99.0%), melamine (≥99.0%), and
5,5-dimethyl-1-pyrrolineoxide (DMPO, ≥97%) were purchased from Aladdin Industrial
Corporation, Shanghai, China. Tertiary butanol (TBA, ≥99.5%), p-benzoquinone (p-BQ,
≥98.0%), L-histidine (≥99.5%), dimethyl sulfoxide (DMSO, ≥99.5%), potassium chloride
(KCl, ≥99.5%), potassium dihydrogen phosphate (KH2PO4, ≥99.5%), sodium bicarbonate
(NaHCO3, ≥99.5%), and 2,2,6,6-tetramethyl-4-piperidone (TEMP, ≥99.0%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (52, Ningbo Road, Shanghai, China).

2.2. Catalyst Preparation

Graphite phase carbon nitride (g-C3N4, CN) was synthesized using a simple thermal
polymerization method. Firstly, 12.0 g of melamine was placed into a ceramic crucible with
a lid. The crucible was heated in a furnace at a rate of 3.85 ◦C/min in an air atmosphere
until it reached 550 ◦C [29,30]. After maintaining this temperature for 6 h, a light-yellow
sample of CN was obtained.

2.3. Experimental Procedures

Degradation tests were conducted in a 100 mL beaker with stirring at 450 rpm and
illumination from a 400 W xenon lamp (DY 400G, Guangzhou Xingchuang Electronics
Co., Ltd., Guangzhou, China) equipped with a filter greater than 420 nm to filter out the
ultraviolet light. The temperature was maintained at 24 ± 2 ◦C using a thermostatic bath
in a double-layer beaker. The double-layer beaker kept the reaction temperature stable by
flowing water at a constant temperature (pump circulation). The vertical distance between
the xenon lamp and the reactor was 20 cm. Sodium periodate and g-C3N4 were added into
the solution in sequence, quickly followed by illumination from a xenon lamp to initiate
the reaction. The initial pH was adjusted with dilute H2SO4 and NaOH solutions. During
the experiments, a 3 mL sample was taken at a preset time and filtered through a 0.22 µm
membrane filter for immediate analysis. After the reaction, the catalyst was obtained by
vacuum filtration, rinsed with ultrapure water, and dried at 80 ◦C overnight for later reuse
and characterization.

2.4. Methods of Analysis

The absorbance of AO7 samples at 485 nm was determined using a UV-visible spec-
trophotometer, and the standard curve method was applied to calculate the AO7 removal
rate (η), as described in Equation (1) [31].

η = (1 − Ct/C0) × 100% (1)

ln(Ct/C0) = −kobs × t (2)

where Ct (mg/L) is the concentration of AO7 at a specific time t and C0 (mg/L) is the initial
concentration of AO7. The degradation of AO7 obeyed pseudo-first-order kinetics, which
can be defined by Equation (2) [32]; kobs (min−1) is the pseudo-first-order rate constant and
t (min) is the reaction time.

2.5. Characterization

The structural features of the sample were analyzed using an X-ray diffraction instru-
ment (XRD, MiniFlex 600, Rigaku, Tokyo, Japan). The X-ray source was Cu Kα radiation,
the wavelength was 1.5406 Å, the scanning speed was 10◦/min, and the 2θ range was
from 10 to 90◦. The morphological characteristics were observed using field emission
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scanning electron microscopy (FESEM, SIGMA 500, Steinheim, Germany). The Thermo
Scientific ESCAlab 250xi spectrometer (St. Bend, OR, USA) with monochromatic Al Kα

radiation was employed to obtain X-ray photoelectron spectroscopy (XPS). The tube volt-
age, current, and energy of the X-ray was 15 kV, 10 mA, and 1486.6 eV, respectively. The
binding energies were calibrated with adventitious C1 s (284.8 eV). Electron Paramagnetic
Resonance (EPR) spectra were obtained using a Bruker EMX plus spectrometer (Karlsruhe,
Germany) to find reactive species that were formed during the process of oxidation, uti-
lizing 2,2,6,6-tetramethyl-4-piperidone (TEMP) or 5,5-dimethyl-1-pyrrolineoxide (DMPO)
as spin-trapping agents. For the EPR analysis, the amount of catalyst was 0.50 g/L. The
amount of spin-trapping agent used was 20 µL of pure DMPO per 400 µL reaction solu-
tion and 500 µL of TEMP (50 mM) per 200 µL reaction solution, respectively. The EPR
experiments were performed in a 250 mL beaker containing 100 mL of pure water (or 100
mL of anhydrous methanol or DMSO solution). Typically, 0.5 g/L g-C3N4 and 0.25 mM
PI were uniformly dissolved in the solution, and the xenon lamp was then turned on for
irradiation. After 5 min of reaction, a 400 µL sample was taken using a pipette gun and
20 µL of DMPO (or a 200 µL sample with 500 µL TEMP) was added for immediate analysis.
The EPR spectra were collected under the following conditions: a center field of 3493 G, a
sweep width of 100 G, a static field of 3442 G, a microwave power of 2.14 mW, a microwave
frequency of 9.79 GHz, a modulation frequency of 100 kHz, a modulation amplitude of
1.0 G, and a sweep time of 30 s. UV-Vis diffuse reflectance spectroscopy (DRS) measure-
ments were conducted using a Shimadzu UV3600 spectrometer at an excitation wavelength
of 352 nm and a scanning wavelength range of 300–700 nm. Photoluminescence spectra
(PL) were measured at an excitation wavelength of 250 nm (xenon lamp) using a Hitachi
F7100 spectrometer (Tokyo, Japan) with a fluorescence range of 200–800 nm. The Brunauer–
Emmett−Teller (BET) surface area was assessed using a N2 adsorption–desorption isotherm
analyzer apparatus (ASAP2020 Version 4.03, Micromeritics Co., Norcross, GA, USA).

3. Results and Discussion
3.1. Characterization of CN

The XRD patterns (Figure 1a) confirmed the successful preparation of pure CN and
they were well matched with the standard (ICDD PDF# 87−1526) [23]. This suggests that
the structural units of the sample were primarily tri-s-triazine (heptazine) rings. A strong
peak (002) appeared near 27.5◦, corresponding to the characteristic interplanar packing
peak of the conjugated aromatic structure, whereas the appearance of another distinct
peak (100) at 13.0◦ may be due to the in-plane structural packing motif. This confirms that
CN possesses a graphitic layer structure. As is well-known, the light-harvesting ability
and carrier separation of a photocatalyst affect its oxidation performance [33]. Thus, the
UV-visible diffuse reflectance spectrum (UV-vis DRS) was employed to confirm the light
absorption properties of CN. As shown in Figure 1b, the sample’s absorption intensity and
range from ultraviolet to visible light are depicted. The light absorption edge of CN was
at 465 nm, indicating its capability to absorb visible light. The optical properties of the
CN photocatalyst were measured using UV-Vis DRS. It can be seen that pure CN exhibits
good application potential for visible-light photocatalysis. The optical band gap energy
(Eg) of CN was determined using the Kubelka–Munk equation (Equation (3)) and the Tauc
relationship (Equation (4)) [34].

F(R) = (1 − R)2/2R (3)

(αhν)2 = A (hν − Eg) (4)

where R is the reflectance, F(R) is the transformed reflectance according to Kubelka–Munk,
hυ is the photon energy in eV, A is a material constant, and α is the absorption coefficient,
which is equivalent to F(R).

According to the Tauc method (Figure 1b), the band gap energy (Eg) of CN was deter-
mined as 2.72 eV. An absolute electronegativity approach was then applied to determine
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the energy band position of the catalyst. In Equations (5) and (6), χ and Ee
− are the abso-

lute electronegativities of a semiconductor and the electron energy (4.50 eV), respectively,
whereas Eg, EVB, and ECB represent the energies of the band gap, valence band, and conduc-
tion band, respectively [35]. Based on previous literature [36], the absolute electronegativity
for CN was determined to be 4.73 eV, resulting in an EVB of 1.59 eV and an ECB of −1.13 eV
for CN.

EVB = χ − Ee
− + 1/2 Eg (5)

ECB = χ − Ee
− − 1/2 Eg (6)

The SEM image of CN (Figure 2a–d) reveals that it typically has a large block shape
with a loose and porous structure, along with a visible layered folding structure. This
structure is likely due to the significant amount of gas released by the precursor melamine
during the pyrolysis process, which promotes peeling of the carbon layers [23]. The
resulting thin and porous layers increase the specific surface area of the sample, enhancing
its role in the degradation process. The results show that CN exhibited a classical IV
isotherm and the specific surface area was 32.28 m2/g, with a pore volume of 0.11 cm3/g
(Figure 2e). Compared to the other carbon materials listed in Table 1, CN is assumed to be
conducive to the catalytic reaction due to its large surface area and pore volume (Table 1).
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the corresponding pore size distribution.

Table 1. Comparison of CN with other similar carbon materials.

Samples SBET
(m2/g)

Pore Volume
(cm3/g) Ref.

CN 32.28 0.11 This work
MCN 6.18 0.003 [23]

CN-bulk 22.41 0.12 [37]
PCN 26.04 / [38]

C1.0CN 32.1 / [39]

3.2. PI Activation Systems for AO7 Removal

The efficiency of AO7 removal in different systems is shown in Figure 3a. It was
observed that AO7 adsorption by CN and its removal in the CN/PI process were minimal,
and the sole PI/Vis system was also not able to efficiently remove AO7 [24]. Similarly,
AO7 degradation was inefficient in the CN/Vis system, which might be due to the rapid
recombination of photogenerated electron−hole pairs, resulting in only a trace amount of
reactive substances being produced. Surprisingly, the CN/PI/Vis system degraded 92.3%
of AO7 within 60 min, far surpassing the performance of other oxidation systems. Kinetic
fitting revealed that AO7 removal during the oxidation process followed a pseudo-first-
order model. As shown in Figure 3b, the AO7 removal rate by the CN/PI/Vis system
was significantly higher than that of the CN/Vis and PI/Vis systems. The removal rate
(kobs = 0.0408 min−1) of AO7 in the CN/PI/Vis system was 4.21 and 5.16 times higher
than that in the CN/Vis (kobs = 0.0097 min−1) and PI/Vis (kobs = 0.0079 min−1) systems,
respectively. These results indicate a strong synergistic effect between CN and PI in the
presence of Vis for the degradation of AO7, significantly enhancing the system’s activity.

To investigate electron transfer and verify the synergistic effect of PI on the photo-
catalysis process, photoluminescence measurements (Figure 3c) were conducted on CN
and CN/PI with excitation at 350 nm. The PL intensity of the CN/PI system was very low
compared with the CN sample, implying that the introduction of PI significantly inhibits
charge carrier recombination and accelerates the separation of internal charges [23].
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Figure 3. (a) Removal of AO7 and (b) rate constants of AO7 removal in different systems; (c) pho-
toluminescence spectra of the CN and CN/PI systems. Experimental conditions: [AO7]0 = 10 ppm,
[CN]0 = 0.50 g/L, [PI]0 = 0.25 mM, and initial pH = 5.5.

Experiments on AO7 removal were also conducted to assess the photocatalytic effi-
ciency of CN with other common oxidants, such as PMS, PDS, and H2O2 (Figure 4a). Under
the same conditions, the photocatalytic oxidation capacity of CN with different oxidants
ranks as follows: PI > PDS > PMS > H2O2 (Figure 4b), demonstrating the excellent ability
of periodate to inhibit electron−hole pairs [40]. Compared with other oxidants, such as the
PDS molecule (d(O-O) = 1.497 Å) and the PMS molecule (d(O-O) = 1.453 Å) [41], IO4

− has a
longer I-O bond (d(I-O) = 1.78 Å) [42]; therefore, it is more easily activated and cleaved to
produce highly reactive substances. Moreover, as shown in Table 2, compared with previ-
ous literature, the CN/PI/Vis system demonstrates high performance in organic pollutant
elimination, which is comparable to or even better than most similar systems reported
(Table 2). Importantly, compared with other carbon materials, CN stands out due to its
simplicity in preparation, eco-friendliness, and the potential for large-scale production.
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Figure 4. (a) Degradation of AO7 and (b) removal rate of AO7 in the photocatalytic performance
of CN with different oxidants. Experimental conditions: [AO7]0 = 10 ppm, [CN]0 = 0.50 g/L,
[Oxidant]0 = 0.25 mM, and initial pH = 5.5.
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Table 2. Comparison of the performance of the CN/PI/Vis system with other reported PI−based systems.

Reaction System Pollutant Apparent Rate Constants (min−1) Operating Conditions Ref.

CN/PI/Vis AO7 0.0408 [catalyst] = 0.5 g/L; [PI] = 0.25 mM;
initial pH = 5.50; T = 24 ◦C This work

WO3/PI 4-CP 0.0172 [catalyst] = 0.5 g/L; [PI] = 1 mM;
initial pH = 4.0; T = 22 ◦C [40]

SBC/PI DCF 0.0244 [catalyst] = 0.1 g/L; [PI] = 5 mM;
initial pH = 6.28; T = 25 ◦C [43]

I-GAC/PI AO7 0.0521 [catalyst] = 1.0 g/L; [PI] = 2.5 mM;
initial pH = 5.27 [44]

Fe/Mn-SBC/PI TCP 0.0257 [catalyst] = 1.0 g/L; [PI] = 5 mM;
initial pH = 5.30; T = 25 ◦C [45]

N-BWO/PI/Vis TC 0.0277 [catalyst] = 10 mg; [PI] = 0.1 g/L;
initial pH = 7.0; T = 25 ◦C [46]

CWBC/PI SDZ 0.0586 [catalyst] = 0.5 g/L; [PI] = 5 mM;
initial pH = 3.0; T = 25 ◦C [24]

SBC-700/PI AO7 0.0279 [catalyst] = 0.4 g/L; [PI] = 1 mM;
initial pH = 3.0; T = 25 ◦C [47]

ABTS/PI BPA 0.0352 [catalyst] = 100 µM; [PI] = 1 mM;
initial pH = 7.0 [48]

3.3. Mechanism

To gain insight into the fundamental mechanisms of the CN/PI/Vis system, EPR tests
and quenching experiments were conducted to identify the involved reactive species. As
shown in Figure 5a, the signal of the •O2

− adduct (DMPO-O2
−) in the CN/PI/Vis system

was enhanced compared to that in the individual PI/Vis process, and the signal peak of
•O2

− was also detected in the CN/Vis system. In contrast, slight 1O2 signals were also ob-
served in the CN/PI/Vis, PI/Vis, and CN/Vis systems, respectively (Figure 5b). Moreover,
the 1O2 signal was stronger in the PI/Vis system than in the CN/Vis system, indicating
that the production of 1O2 for AO7 removal mainly originates from the photoactivation of
PI. As presented in Figure 5c, no signals of DMPO-IO3

• and DMPO-•OH were found in the
CN/PI/Vis system, ruling out the existence of them in the reaction.

To further determine the involvement of reactive species •O2
− and 1O2, quenching

experiments were conducted. p-BQ and L-Histidine serve as typical scavengers for •O2
−

and 1O2, respectively [49]. As depicted in Figure 5d, the addition of 5 mM p-BQ and 5
mM L-Histidine resulted in similar inhibitory effects, with the degradation efficiency of
AO7 decreasing from 92.3% to 20%, confirming that both •O2

− and 1O2 contribute to the
oxidative degradation of AO7.

A plausible degradation mechanism for the CN/PI/Vis system was hypothesized
based on the aforementioned results. At first, it was assumed that the reactive oxygen
species might be produced via the photoactivation of a photosensitive catalyst. The energy
transfer to O2 (3∑g−) from the excited state of a sensitizer, formed by light absorption,
led to the generation of excited state 1O2 (1∆g) (Equation (7)) [50]. On the one hand, the
photocatalyst CN can generate electrons and holes (Equation (8)) when it is excited by
light irradiation. The photo-induced electrons in the conduction band can convert IO4

−

to IO3
− via Equation (9) [51]. On the other hand, when IO4

− is activated by light energy,
e− and IO4

• are produced in the system (Equation (10)) [52]. Dissolved oxygen (DO)
tends to obtain an electron form •O2

− (Equation (11)). Additionally, IO4
− can react further

with •O2
− to generate 1O2 (Equation (12)), thereby significantly accelerating the oxidation

reaction. Based on these results and analyses, the plausible mechanism of AO7 degradation
by the CN/PI/Vis system is illustrated in Figure 6.

light + CN (3∑g
−) + O2 → 1O2 (1∆g) (7)

CN + light → hVB
+ + eCB

− (8)

H2O + 2e− + IO4
− → 2OH− + IO3

− (9)

IO4
− + Vis → IO4

• + e− (10)

O2 + e− → •O2
− (11)
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IO4
− + 2•O2

− + H2O → IO3
− + 2 1O2 + 2OH− (12)

Separations 2024, 11, x FOR PEER REVIEW 9 of 16 
 

 

Histidine resulted in similar inhibitory effects, with the degradation efficiency of AO7 de-

creasing from 92.3% to 20%, confirming that both •O2− and 1O2 contribute to the oxidative 

degradation of AO7. 

  

  

Figure 5. EPR spectra of (a) •O2− (in anhydrous methanol); (b) 1O2 (in ultrapure water), and (c) IO3• 

(in DMSO)/•OH (in ultrapure water) in different systems. (d) The effect of radical scavengers on the 

removal of AO7 in the CN/PI/Vis system. Experimental conditions: [AO7]0 = 10 ppm, [CN]0 = 0.50 

g/L, [PI]0 = 0.25 mM, and initial pH = 5.5. 

A plausible degradation mechanism for the CN/PI/Vis system was hypothesized 

based on the aforementioned results. At first, it was assumed that the reactive oxygen spe-

cies might be produced via the photoactivation of a photosensitive catalyst. The energy 

transfer to O2 (3∑g−) from the excited state of a sensitizer, formed by light absorption, led 

to the generation of excited state 1O2 (1Δg) (Equation (7)) [50]. On the one hand, the photo-

catalyst CN can generate electrons and holes (Equation (8)) when it is excited by light 

irradiation. The photo-induced electrons in the conduction band can convert IO4− to IO3− 

via Equation (9) [51]. On the other hand, when IO4− is activated by light energy, e− and 

IO4• are produced in the system (Equation (10)) [52]. Dissolved oxygen (DO) tends to ob-

tain an electron form •O2− (Equation (11)). Additionally, IO4− can react further with •O2− to 

generate 1O2 (Equation (12)), thereby significantly accelerating the oxidation reaction. 

Based on these results and analyses, the plausible mechanism of AO7 degradation by the 

CN/PI/Vis system is illustrated in Figure 6.  

light + CN (3∑g−) + O2 → 1O2 (1Δg) (7) 

CN + light → hVB+ + eCB− (8) 

H2O + 2e− + IO4− → 2OH- + IO3− (9) 

3440 3460 3480 3500 3520 3540 3560



 





 

  

 

PI+Vis

CN+Vis

PI+CN+Vis 

DMPO-·O2
-



(a)

Magnetic field (G)

In
te

n
si

ty
 (

a
.u

.)

3460 3480 3500 3520 3540

In
te

n
si

ty
 (

a
.u

.)

Magnetic field (G)



 






  

 

 

PI+Vis

CN+Vis

PI+CN+Vis

TEMP-1O2



(b)

3460 3480 3500 3520 3540 3560

DMPO-IO3· PI+CN+Vis 

PI+CN+Vis DMPO-·OH
 

 

In
te

n
si

ty
 (

a
.u

.)
 

Magnetic field (G)

(c)

0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

1.0

 

 

C
/C

0

Time (min)

 L-histidine

 p-BQ

 No Scavenger

(d)

Figure 5. EPR spectra of (a) •O2
− (in anhydrous methanol); (b) 1O2 (in ultrapure water), and (c) IO3

•

(in DMSO)/•OH (in ultrapure water) in different systems. (d) The effect of radical scavengers
on the removal of AO7 in the CN/PI/Vis system. Experimental conditions: [AO7]0 = 10 ppm,
[CN]0 = 0.50 g/L, [PI]0 = 0.25 mM, and initial pH = 5.5.
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3.4. Impacts of Operating Parameters

The effects of catalyst dosage, PI concentration, and solution pH are thoroughly
investigated in Figure 7. The degradation efficiency of AO7 in the CN/PI/Vis system was
investigated at various CN dosages, ranging from 0.10 to 0.75 g/L. As observed in Figure 7a,
the kobs value increased from 0.0126 to 0.0404 min−1 as the CN dosage was raised from
0.10 to 0.50 g/L. Increasing the dosage of CN is expected to provide more active sites for PI
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adsorption and activation, as well as more electrons and holes under the irradiation of light.
However, increasing the CN dosage from 0.50 to 0.75 g/L did not significantly enhance
the removal efficiency, likely because the incident visible light is blocked and scattered by
excessively suspended particles, resulting in less light reaching the catalyst [53,54]. From
an economic perspective, a catalyst dose of 0.50 g/L was used for subsequent experiments.
Figure 7b depicts the impact of PI concentration on AO7 removal. The concentration of
PI was positively correlated with the rate of AO7 degradation. As the PI concentration
increased from 0.05 mM to 0.25 mM, the AO7 removal efficiency was promoted accordingly,
and the rate constant of AO7 removal increased from 0.0226 to 0.0404 min−1. As the amount
of PI increased to 0.50 mM, the kobs decreased slightly to 0.0399 min−1, which might be due
to competitive reactions between excessive PI and the target contaminant with the reactive
species [37]. This result indicates that, within a certain range, the increasing concentration
of PI can effectively accept photo-induced electrons, improving the oxidation performance
of the entire system. Therefore, 0.25 mM was selected as an optimal PI dosage and applied
for subsequent degradation reactions.
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Figure 7. Effects of (a) CN dosage, (b) PI concentration, (c) initial pH, and (d) inorganic anions on
AO7 removal in the CN/PI/Vis system. Except for the parameter being tested, other experimental
conditions were fixed: [AO7]0 = 10 ppm, [CN]0 = 0.50 g/L, [PI]0 = 0.25 mM, initial pH = 5.5, and
[ions]0 = 5 mM.

Reaction pH is crucial for decomposing peroxides to form reactive species. The initial
pH was adjusted to 2.5, 5.5, 7.0, and 9.0 to explore its effect on AO7 elimination. The
initial pH of the AO7 solution was approximately 5.5, as shown in Figure 7c. When it was
reduced to 2.5, AO7 removal decreased by ~10%. AO7 (pKa = 1) always has a negatively
charged sulfonic group in the pH range investigated [55]. In contrast, the pHpzc of CN
lies between 4~5 and it tends to be positively charged when the pH of the solution is
below 4.0 [23], which seems to imply that the enhanced adsorption of AO7 by the catalyst
is due to the effect of electrostatic attraction. However, previous studies have reported
that the photo-induced electrons on the surface of CN tend to react with H+ in solution
(Equation (13)), and the conversion of IO3

• to IO4
− also increases with decreasing pH

(Equation (14)) [56]. This results in a slight decrease in the removal of AO7 under acidic
conditions (i.e., pH 2.5). When the pH is increased from 5.5 to 9, AO7 degradation efficiency
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remains stable, demonstrating the good oxidation performance of the CN/PI/Vis system
over a wide pH range.

eaq
− + H+ → H• (13)

IO3
• + H• → IO3

− + H+ (14)

3.5. Effects of Coexisting Anions

Given the ubiquity of inorganic anions in natural water, this study investigated their
interference with AO7 degradation in the CN/PI/Vis system. As shown in Figure 7d, the
presence of Cl−, HCO3

−, and H2PO4
− anions slightly inhibited the degradation of AO7,

likely due to the following aspects. On the one hand, the anions may form an inorganic
layer on the catalyst’s surface, partially blocking the active sites [57]. On the other hand,
the anions could compete with AO7 for reactive oxidative species, thereby inhibiting the
oxidation ability of the system [58]. Specifically, HCO3

− (or CO3
2−) and H2PO4

− anions
might be adsorbed on the catalyst surface, impeding the mass transfer of oxidants and
pollutants, thereby inhibiting the oxidation reaction. Additionally, Cl− and CO3

2− can
react with reactive species, forming less reactive chlorine species (Cl• and Cl2•−) and
carbonate radicals, respectively. This reduces the system’s oxidizing capacity and decreases
the elimination efficiency of AO7 [59].

3.6. Stability and Reuse of Catalysts

Stability and recyclability are critical for the effective use of catalysts in real water.
Therefore, this study conducted cyclic experiments on the CN material. As shown in
Figure 8, after three cycles, CN still maintains acceptable efficiency for AO7 removal,
though a slight decrease was observed, indicating its relative stability in the oxidation
process. The decreased removal efficiency after the third cycle might be ascribed to the
adsorption of AO7 and its degradation products on the catalyst surface, which covers a
significant portion of the active sites [60].
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Figure 8. Stability test of CN. Experimental conditions: [AO7]0 = 10 ppm, [CN]0 = 0.5g/L,
[PI]0 = 0.25 mM, initial pH = 5.5.

To analyze the change of surface physicochemical properties of catalyst, the used
catalyst was then characterized using XRD and XPS. The XRD (Figure 9a) pattern shows
that the catalyst’s crystal phase has not changed significantly before and after the reaction.
XPS (Figure 9b–d) analysis was conducted to determine the surface composition of CN,
revealing that it consists of C and N species. The C 1s narrow spectrum displayed three
peaks at 288.1, 286.2, and 284.8 eV, corresponding to sp2 hybridized carbon (N=C-N), sp3

coordinated carbon (C-N), and sp2 C-C bonds, respectively. The N 1s spectrum features
three characteristic peaks at 401.1 eV, 400.1 eV, and 398.6 eV, corresponding to the terminal
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amino functional group (C-NH2), sp2 hybridized nitrogen (C-N=C), and tertiary nitrogen
(N-C3), respectively. Compared with the used CN sample, the proportions of C-NH2
and C-N=C decreased from 6.9% and 19.0% to 6.5% and 16.7%, respectively, whereas
the proportion of N-C3 increased from 74.1% to 76.9%. According to previous research,
carbonous material with more C-N structures indicates that the structure of triazine units
becomes more ordered [61]. Compared to the fresh CN (6.7%), the proportion of the C-
N peak in the used sample remained relatively stable (6.3%), indicating that the surface
properties of the catalyst are stable before and after the reaction, which is conducive to the
catalyst’s reuse.
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Figure 9. Stability and recyclability of CN: (a) XRD patterns, XPS spectra of (b) a survey scan, (c) C 1s,
and (d) N 1s before and after the reaction.

4. Conclusions

This paper reports the preparation of a highly efficient carbon nitride catalyst using
melamine as a precursor. It can effectively activate PI to eliminate organic pollutants in the
presence of visible light. With the addition of 0.25 mM PI to the CN/Vis system, 92.3% of
AO7 was efficiently removed within 60 min. Importantly, the heterogeneous photocatalytic
PI system exhibits better oxidation performance compared to systems based on PMS, PDS,
and H2O2, respectively. Based on a variety of experiments and characterizations, 1O2 and
•O2

− were revealed as the dominant reactive species for the degradation of pollutants.
Additionally, the CN demonstrated good stability during the reaction, with excellent anti-
interference capabilities. In brief, heterogeneous photocatalytic PI activation has been
proven to be an efficient and eco-friendly technology for wastewater treatment.
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