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Degradation of Tetracycline by Fe-N-Coordinated Porous
Carbon Activated PMS: High Dispersibility and Stability

Shenghui Wang, Yanhua Song,* Yansong Wu, Bin Wang, Xue Gao, Xingwang Zhu,
Jinyuan Liu,* and Paul K. Chu*

Advanced oxidation processes (AOPs) leverage the generation of reactive
radicals or non-radical species, which exhibit strong oxidative potential, to
effectively degrade recalcitrant pollutants. Herein, Fe5-NG is synthesized by a
one-step calcination method for the degradation of tetracycline (TC). A large
nitrogen concentration enhances the activation ability of Fe5-NG toward PMS,
as manifested by 100% degradation of TC within 12 min for TC
concentrations below 25 mg L−1 under visible light irradiation. The
Fe5-NG/PMS system degrades TC via the generation of SO4

•− and 1O2, and
the presence of Fe(IV) = O species is confirmed. X-ray photoelectron
spectroscopy performed on Fe5-NG before and after the treatment shows that
pyridine nitrogen and graphite nitrogen are the primary active nitrogen
species responsible for PMS activation, and PMS accelerates the Fe(III)/Fe(II)
redox cycle by forming abundant active nitrogen species. The underlying
degradation mechanism of the Fe5-NG/PMS system is investigated, and the
non-free radical (1O2) pathway is dominant.

1. Introduction

Environmental pollutants, especially antibiotics like tetracycline
(TC), pose serious risks to health and ecosystems. Traditional
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remediation methods are often costly,
time-consuming, and inherently limited
in efficiency (e.g., incomplete degrada-
tion, secondary pollution)[1,2] To address
these challenges, advanced photocat-
alytic oxidation systems have emerged
as a promising alternative due to their
high reactivity and environmental
compatibility.[3] Photocatalysis, a tech-
nique that utilizes light energy to activate
catalysts, expedites the degradation of
organic and inorganic pollutants. It can
also be combined with advanced oxida-
tion processes (AOPs) to produce reactive
species, including singlet oxygen (1O2),
superoxide radicals (O2

•− ), and hydroxyl
radicals (•OH), to accelerate the oxidative
degradation of organic compounds.[4,5]

Photocatalysis is an integral part of the
advanced oxidation technology, which
includes ozone oxidation,[2,6] Fenton

reactions,[7,8] and ultrasonic oxidation.[9] AOPs are used for wa-
ter and air purification due to low cost, sustainability, and mini-
mally harmful by-products. Photocatalysis and AOPs offer an in-
novative approach to environmental remediation that can miti-
gate pollution.[10]

Among the various types of catalytic materials, carbon ma-
terials are known for their high catalytic activity, uniform dis-
tribution, and cost-effectiveness.[11] Carbonaceous include car-
bon nanotubes,[12] carbonized polymer dots,[13] biochar,[14] and
carbon quantum dots,[15–17] which can be synthesized by vari-
ous methods such as pyrolysis,[18] chemical vapor deposition,[19]

solvothermal methods,[20] and templating techniques.[21] The
synthesis temperature and method affect the structure and prop-
erties of the materials. For instance, pyrolysis typically occurs
in the temperature range between 500 and 1000 °C to enhance
the crystallinity,[22] increase the aggregation of active sites,[23] and
improve the adsorption capacity. There are several kinds of pre-
cursors for the reactions, including organic polymers,[24] nat-
ural materials,[14,25] organic metal complexes,[26] carbonaceous
compounds,[27] and vapor deposition materials. These precur-
sors, which can be converted into various forms of carbon ma-
terials under different synthesis conditions, impact the structure
and catalytic properties of the products.
Pure carbon materials have limitations in certain applications

and require doping to enhance their performance. Metal dop-
ing has been shown to improve the electrochemical proper-
ties and catalytic activity.[28] For example, doping with iron,[29]
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cobalt,[30,31] and nickel[32] increases the conductivity and num-
ber of active sites. In particular, Fe doping is attractive on ac-
count of the abundant resource, low cost, and ability to enhance
the oxygen reduction reaction.[33] Iron doping promotes electron
transfer within the catalyst. Meanwhile, heteroatom doping (e.g.,
nitrogen,[34] sulfur,[35] or phosphorus)[36] further enhances cat-
alytic activity by modifying the electronic structure and increas-
ing the density of active sites. N doping is preferred over dop-
ing with other heteroatoms because it can alter the electronic
structure of carbonmaterials, increase the number of active sites,
and improve the catalytic properties.[39] Advances in Fe-N coordi-
nated catalysts have demonstrated that atomic-level dispersion of
Fe can be achieved through controlled pyrolysis of metal-organic
precursors.[37] For instance, Guo et al.[38] revealed that stabilizing
Fe single atoms by using the nitrogen sites of pyridine as anchor
points can preventmetal agglomeration and enhance the stability
of the catalyst. Moreover, nitrogen can improve the conductivity
and stability of carbon materials. In order to optimize the pro-
cess, the proper precursor is crucial. By using organicmetal com-
plexes as precursors, carbon materials with a large surface area
and porous structure can be synthesized by pyrolysis, and metal
doping can be accomplished during the carbonization process.[40]

Metal phthalocyanine (MPc),[41] an organometallic complex
with a unique electronic structure and high design flexibility,
is a promising precursor. By modifying the metal ions, periph-
eral ligands, and axial ligands, diverse functions can be obtained.
Iron phthalocyanine (FePc) is an iron-containing phthalocyanine
compound with an iron atom in the center of the molecular
structure.[42] Similar to porphyrin,[43] owing to the large molec-
ular structure of phthalocyanine, the iron atoms are coordinated
in the center,[44] thereby solving the problem of metal agglom-
eration when iron salts are used in traditional synthesis.[45] The
metal atoms act as the active sites in the catalytic reaction due
to their high surface activity. The dispersed atoms are more
likely to come into contact with reactants to increase the reac-
tion rate,[29,46] and the electronic structure of the dispersed metal
atoms can be finely tuned by adjusting the coordination environ-
ment. Consequently, atomic utilization is higher, and the catalytic
efficiency is better. At the same time, phthalocyanine also serves
as a carbon source to reduce the complexity of the synthesis.[47,48]

Herein, Fe5-NG porous carbon is prepared by one-step calci-
nation, and tetracycline (TC) is the target pollutant to assess the
performance of the catalyst by the PMS method. Electron spin
resonance (ESR) and capture experiments reveal that the primary
active species. The Fe(III)/Fe(II) redox cycle is studied, and the
catalytic degradation mechanism and pathways[49] are discussed.
The results reveal not only an effective strategy to address the ac-
tivation energy deficiency of the Fe(III)/PMS system but also the
immense potential for environmental remediation.

2. Experimental Section

2.1. Chemicals and Reagents

The reagents used in this study, including iron phthalocya-
nine (FePc, (C8H4N2)4Fe), potassium peroxymonosulfate (PMS),
anhydrous ethanol, tetracycline, sodium bicarbonate, methanol
(MeOH), humic acid (HA), sodium carbonate, tert-butanol
(TBA), potassium bromide, and furfuryl alcohol (FFA), were

purchased from Shanghai Macklin Biochemical Co., Ltd. Urea,
benzoquinone (BQ), dimethyl sulfoxide (DMSO), sodium chlo-
ride, and anhydrous trisodium phosphate were obtained from
SinopharmChemical Reagent Co., Ltd. All the reagents were ana-
lytical grade and used without further purification. The TOC and
COD of lake water and tap water in the experiment were TOCL
= 7.78 mg L−1, TOCT = 1.03 mg L−1, CODL = 5.36 mg L−1, and
CODT = 1.41 mg L−1 respectively. Deionized water (resistivity of
18.25 MΩcm−1) was used in the experiments.

2.2. Preparation of Photocatalytic Materials

Fe5-NG was prepared as shown in Scheme 1. First, 10 g urea and
0.5 g FePc were pulverized using a mortar, transferred to a tube
furnace, and calcined at 600 °C (3 °C min−1) under N2 for 2 h.
After the tube furnace cooled to ambient temperature, the black
powdery product was gathered. Fex-NG samples (Fe0.5-NG, Fe1-
NG, Fe5-NG, and Fe10-NG) with different Fe concentrations were
prepared by adjusting the ratios of urea and FePc, where x refers
to the mass ratio of added FePc to urea (0.5%, 1%, 5%, and 10%,
respectively). For comparison, a conventional Fe-doped g-C3N4
catalyst (Fe-CN) with the same molar amount of Fe was prepared
using Fe(NO3)3·9H2O (355.4mg) as the iron precursor. Addition-
ally, g-C3N4(CN) and N-modified porous carbon (NG) were pre-
pared by calcining urea and a mixture of urea and phthalocya-
nine, respectively.

2.3. Characterization

The crystallinity and phase composition of the powder were
analyzed by X-ray diffraction (XRD) with Cu K

𝛼
radiation on

a Bruker D8 diffractometer. Fourier transform infrared (FT-
IR) spectroscopy was conducted using the potassium bromide
wafer technique on a Bruker VERTEX-70 spectrometer. Themor-
phology was examined by scanning electron microscopy (SEM,
model JSM-7800F) and transmission electron microscopy (TEM,
model JEM-2100). The specific surface areas and pore size dis-
tributions were measured by the Brunauer-Emmett-Teller (BET)
method utilizing nitrogen adsorption/desorption monitored on
the ASAP2010 V5. The surface chemistry and chemical states
of the catalysts were determined by X-ray photoelectron spec-
troscopy (XPS) on the Shimadzu AXIS, and electron spin reso-
nance (ESR) spectroscopy (JES-FA200) was employed to identify
the different reactive radicals.

2.4. Catalytic Degradation

Fe5-NG (10 mg) was added to a beaker containing 100 mL of the
tetracycline solution with a specific concentration and kept at ap-
proximately 25 °C. The pH was regulated by adding H2SO4 and
NaOH, and 4 mL were withdrawn with a syringe every 2 minutes
for 12 minutes. Each sample was mixed with 0.5 mL of methanol
and shaken to quench the radicals and terminate the degradation
process. The solution was passed through a 0.22 μm filter and
placed in a quartz cuvette. The absorbance of TC at 356 nm was
measured by UV–vis spectrophotometry (Hitach-3010) to deter-
mine the degree of degradation. The reusability was assessed by
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Scheme 1. Schematic of the synthesis of Fe-NG.

centrifugation after degradation, washing several times succes-
sively with deionized water and ethanol, and drying at 60 °C. The
dried catalyst was then used for the next round of experiments.

3. Results and Discussion

3.1. Structure and Morphology

The XRD spectra of the four samples are presented in Figure 1a.
The (100) planes of CN and Fe-CN correspond to the in-plane
repeating units of the heptazine rings in carbon nitride, while
the (002) plane represents the interlayer stacking of carbon
nitride.[50] These peaks are characteristic of g-C3N4. In compari-
son, the intensity of the (002) plane of g-C3N4 of NG and Fe5-NG
diminishes, likely because the incorporation of FePc reduces the

crystallinity of g-C3N4. At the same time, the pyrolysis of phthalo-
cyanine may introduce additional defects, disrupting the ordered
structure of graphite and resulting in a looser interlayer config-
uration along with the formation of a porous architecture. This
alteration leads to an expansion of the interlayer spacing and a
weakening of interlayer bonding forces, thereby inducing a left-
ward shift in the (002) plane.[48,51] Interestingly, no Fe species are
observed from the Fe5-NG samples, indicating that there are no
Fe crystalline species, and Fe atoms are highly dispersed.
Figure 1 shows the FTIR spectra. The peak at 812 cm−1 of CN

and Fe-CN stems from triazine, and the broad peaks between 900
and 1800 cm−1 are C-N and C=N tensile vibrations characteristic
of g-C3N4. The broad peaks between 3000 and 3500 cm

−1 repre-
sent N-H vibration or adsorbed H2O.

[53,54] The typical peaks of
g-C3N4 of NG and Fe5-NG become blurred as FePc introduced

Figure 1. a) XRD and b) FTIR spectra of the four samples.
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Figure 2. SEM images of a) CN, b) Fe-CN, c) NG, d) Fe5-NG; TEM images of e) CN, f) Fe-CN, g) NG, h) Fe5-NG; i) Elemental maps of C, N, and Fe in
Fe5-NG; j) EDS spectrum of Fe5-NG.

during pyrolysis curbs the thermal condensation of urea to form
a unique carbon matrix.[55]

Figure 2 shows the morphology of CN, Fe-CN, NG, and Fe5-
NG by SEM and TEM. The unmodified CN has a bulk struc-
ture (Figure 2a) and Fe-CN after Fe doping has a particle-stacked
structure (Figure 2b), which is confirmed by the TEM image in
Figure 2f. The structure is changed by incorporating phthalo-
cyanine, and gases such as H2O, CO, and CO2 formed dur-

ing pyrolysis[56] create the porous structure and strip the car-
bon nanosheets to form layered structures in NG and Fe5-NG
(Figure 2c,d and g,h). The EDS elemental maps of C, N, and Fe
of Fe5-NG are presented in Figure 2i,j confirms Fe doping.
The pore size and specific surface area are derived from the

N2 adsorption-desorption isotherms (Figure 3), which reveal that
Fe-CN and Fe5-NG are type IV with H3 hysteresis loops, indica-
tive of a mesoporous structure. The hysteresis of Fe5-NG shifts

Figure 3. a) N2 adsorption-desorption isotherms and b) BJH pore size distribution of Fe-CN and Fe5-NG.
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Figure 4. a) XPS survey spectra of Fe-CN and Fe5-NG; High-resolution XPS spectra of b) C 1s, c) N 1s, and d) Fe 2p of Fe-CN and Fe5-NG.

toward lower relative pressure and has a larger area, suggest-
ing enhancedmesoporosity compared to Fe-CN. Figure 3a shows
that the surface area of Fe5-NG increases from 10.4 to 145.9 m2/g
compared to Fe-CN due to the gases produced by FePc during
pyrolysis. In addition, Fe5-NG has a richer pore structure and a
wider pore size distribution than Fe-CN, with pore sizes ranging
from 20–160 nm andmainly concentrated in the 20–40 nm range
(Figure 3b).
The elemental composition and chemical states of Fe-CN and

Fe5-NG are determined by XPS. As shown in Figure 4a, both
Fe-CN and Fe5-NG contain C, O, N, and Fe. The C 1s spec-
trum of Fe-CN (Figure 4b) shows three peaks at 284.8, 286.3,
and 288.2 eV, corresponding to C-C, C-NHx, and N-C = N,[57] re-
spectively. In comparison, the C 1s spectrum of Fe5-NG exhibits
peaks at 284.8 eV (C-C), 286.0 eV (C-N & C-OH), and 287.0 eV
(C = N & C = O). The intensity of the peak at 284.8 eV (C-C) of
Fe5-NG is higher than that of Fe-CN because FePc makes Fe5-
NG more carbonized.[55] As shown in Figure 4c, the N 1s spec-
trum of Fe-CN exhibits two peaks: sp2 hybridized N (C-N = C)
in the triazine ring at 398.7 eV and tertiary N (N-(C)3) & C-NH-C
groups at 400.6 eV.[58,59] In contrast, the N 1s spectrum of Fe5-NG
shows three peaks corresponding to pyridine N at 398.0 eV, pyr-
role N at 398.6 eV, and graphite N at 400.1 eV. Figure 4d shows
that the Fe 2p peaks of the two samples are composed of Fe 2p3/2
(709.9 eV) and Fe 2p1/2 (722.5 eV). The peak intensity of Fe-CN
is significantly weaker than that of Fe5-NG due to the smaller Fe

concentration in the former. The sharp Fe-2p3/2 peak at 709.9 eV
of Fe-NG corresponds to Fe-N, similar to Fe-phthalocyanine and
Fe-N-C.[60]

3.2. Catalytic Activity

Figure 5a demonstrates the degradation efficacy of TC by Fex-NG
modified with different doping ratios. Fe0.5-NG/PMS achieves
84.8% TC degradation withminimal FePc, while efficiency peaks
at 100% for Fe5-NG/PMS as FePc content increases. As the
FePc content is increased, the degradation efficiency of TC goes
up, reaching 100% (Fe5-NG/PMS). However, further increasing
the FePc content decreases the TC degradation efficiency (Fe10-
NG/PMS) due to excessive accumulation of Fe, which hinders the
activation of PMS.
Figure 5b shows the TC degradation results of the different

samples. In the absence of PMS, Fe5-NG alone degrades only
3.5% of TC, whereas in the absence of the catalyst, PMS alone
degrades only 9.4% of TC as PMS is a potent oxidant. In the
CN/PMS and Fe-CN/PMS systems, only 10.3% and 13.9% of
TC are degraded, indicating that CN and Fe-CN have limited
activity for PMS. The degradation efficiency of phthalocyanine-
modified NG is 44.4% in the presence of PMS attributable to the
larger surface area and porous framework of NG. In compari-
son, Fe5-NG/PMS achieves 100% TC degradation within 12 min.
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Figure 5. a) Decomposition profiles of TC for different ratios of the Fex-NG/PMS system and b) Comparison of the TC degradation curves of different
systems (Experimental parameters: [cat.] = 0.1 g L−1, [TC] = 25 mg L−1, [PMS] = 0.5 mM, initial pH = 7).

Compared to the undoped NG, the significantly higher activation
of Fe5-NG to PMS is related to dispersed iron atoms. Under the
same experimental conditions, we also evaluated the degradation
efficiency of the Fe5-NG/PMS system towards various pollutants
(Figure S1, Supporting Information). The results demonstrate
its exceptional degradation performance for RhB (Rhodamine
B), MB (Methylene Blue), and TC, achieving over 90% removal
within 2 min. This superior performance may be attributed to
the abundant reactive sites provided by the amino groups it car-
ries. The relatively poor degradation efficiency observed for 4-NP
(4-Nitrophenol) (82% removal in 12 min) could potentially stem
from the electron withdrawing nitro group reducing the electron
density of the benzene ring, thereby decreasing its reactivity to-
wards 1O2 and resulting in lower degradation rates.

3.3. Influencing Factors

To design the optimal experimental parameters, the influence of
the original pH, PMS dose, catalyst dose, and pollutant concen-
tration on TC degradation is assessed. Figure 6a shows the effects
of different TC concentrations on the removal efficiency of the
Fe5-NG /PMS system. TC concentrations below 25 mg L−1 yield
100% degradation within 12 min. With increasing TC concentra-
tion, the degradation efficiency decreases to 90.9% because the
limited catalysts and PMS restrict the number of active species
produced. At the same time, intermediates adsorb onto the cat-
alyst surface to compete with TC for free radicals.[61] Therefore,
a concentration of 25 mg L−1 is the standard TC concentration
used in subsequent experiments.
Figure 6b illustrates the influence of dissimilar concentrations

of Fe5-NG on the degradation efficiency of TC. In the absence of
Fe5-NG, PMS alone cannot produce active species to degrade TC.
By increasing the Fe5-NG concentration from 0.01 to 0.1 g L−1,
the degradation efficiency increases from 88.3% to 100% due to
more active sites for PMS activation. Further increasing the Fe5-
NG concentration to 0.15 g L−1 promotes the degradation rate
only slightly, and the overall degradation efficiency remains at
100%, as observed at 0.1 g L−1. Consequently, a concentration of
0.1 g L−1 is adopted for the Fe5-NG concentration in our experi-
ments.

Figure 6c shows the effects of different PMS concentrations.
The TC degradation efficiency improves from 91.3% to 100%
as the PMS concentration increases from 0.1 mM to 0.5 mM
due to more active species. However, increasing the PMS con-
centration further to 0.7 mM reduces the efficiency because of
the self-suspension of excess PMS and consumption of hydroxyl
radicals.[63] Consequently, a PMS concentration of 0.5 mM is
used in our experiments.
The original pH of the solution plays a pivotal role in the degra-

dation process. The pH is changed using 0.1 mM H2SO4 and
0.1 mM NaOH. As shown in Figure 6d, the Fe5-NG/PMS sys-
tem removes 100% of TC under acidic and neutral conditions.
However, at an alkaline pH of 9), the degradation rate decreases
to 96.4% within 12 min. Under strong alkaline conditions (pH
= 11), degradation by Fe5-NG /PMS is inhibited because of Fe
precipitation to form iron hydroxide.[55]

3.4. Stability and Reusability

Reproducibility and stability are key factors in the practical ap-
plication of multiphase catalysts. Here, the effects of HCO–3,
CO2- 3, Cl–, PO3–4, and HA on TC degradation are examined
(Figure 7a). In general, most anions have little effect on TC re-
moval, showing >80% degradation. The small decrease stems
from the depletion of active species by inorganic anions. PO3–4
has a greater influence on TC removal, with the degradation rate
reduced to 61.8%. This is mainly due to the tetrahedral structure
of PO3–4, which increases the competition for the surface func-
tional groups and obstructs TC degradation on Fe5-NG /PMS.[64]

The effects of different kinds of water (tap water and lake wa-
ter) are determined to gauge the potential for practical applica-
tions. Figure 7b shows that the degradation efficiency of TC de-
creases slightly to 96.5% and 98.1% for tap water and lake water,
confirming the good resistance to interferences in real water. The
cycling stability of Fe5-NG is investigated by five consecutive ex-
periments (Figure 7c), and 100% removal is shown in the first
three experiments. However, in the 4th and 5th experiments, the
degradation efficiency decreases slightly to 97.3% and 87.7% re-
spectively. Compared with Fe5-NG, both Fe10-NG and Fe1-NG not
only exhibited lower overall degradation rates, but also showed
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Figure 6. Effects of different factors in TC degradation: a) TC concentration, b) Fe5-NG concentration, c) PMS concentration, and d) Initial pH.

more pronounced performance decrease after five cycles (Figure
S2, Supporting Information). The decline in Fe1-NG may be at-
tributed to the coverage of active sites by contaminants, while the
decrease in Fe10-NG could result from metal leaching leading to
the loss of active sites. The catalyst demonstrates significant su-
periority over comparable ones.[62] Hence, Fe5-NG shows reason-
able cycling stability.
Leaching of Fe species at different pH values is studied.

Figure 7d shows that without PMS, Fe leaching is relatively con-
stant at 0.15 mg/L in the pH range of 3–11. However, after
adding PMS, Fe leaching increases primarily due to the redox
reactions between Fe(II) and Fe(III).[49,65] The conversion from
Fe(II) to Fe(III) is generally observed in the activation of PMS,
and this valence change reduces the stability further leading to Fe
leaching.

3.5. Mechanism of TC Degradation

To obtain a better understanding of the mechanism of TC degra-
dation and identify the reactive species involved, radical scav-
enging experiments are conducted, as illustrated in Figure 8a.
5 mM BQ, 0.5 M TBA, 0.5 M MeOH, and 5 mM FFA are used
to burst superoxide radicals (•O–2), hydroxyl radicals (•OH), sul-
phate radicals (SO4

•−) and singlet oxygen (1O2), respectively. As
for •OH, both TBA and MeOH exhibit significant scavenging ef-
fects, with rate constants of k = 3.8–7.6 × 108 M−1s−1 and k = 8–

10 × 108 M−1s−1, respectively. In contrast, with regard to SO4
•−,

TBA shows a relatively minor scavenging effect (k = 4–9.1 × 105

M−1s−1), while MeOH exhibits a more pronounced effect (k =
0.9–1.3 × 107 M−1s−1). By comparing the scavenging effects of
MeOH and TBA, the contribution of SO4

•− can be evaluated. Ad-
ditionally, TC degradation is inhibited by the addition of MeOH
(82.4%) compared to the addition of TBA. The results confirm
the crucial role of SO4

•−. The degradation efficiency decreases
to 85.4% after •O–2 has been scavenged by BQ, indicating that
•O–2 plays an important role in the Fe5-NG/PMS system. No-
tably, FFA inhibits TC degradation appreciably, signifying that
1O2 is the most important species in the system. Based on for-
mulas SEq. 1 and SEq. 2, the contribution percentages of var-
ious reactive oxygen species were calculated. 1O2 exhibited the
highest contribution (40.7%), indicating its role as the predomi-
nant reactive species. The contribution values of SO4

•− and •O–2
were comparable at 23.5% and 29.3% respectively, highlighting
the importance of synergistic effects between free radicals. The
•OH showed a minimal contribution of only 6.8%, which may
be attributed to the preferential orientation of Fe-N coordination
bonds towards non-radical pathways.[66]

Fe-containing carbonaceous materials often activate PMS to
produce high-valent iron species (Fe(IV) = O), so DMSO is used
to verify the presence of Fe(IV) = O. DMSO can react with
Fe(IV) = O to extract O and produce the corresponding sul-
fone (DMSO2). Figure 8a shows that the addition of DMSO re-
duces the TC degradation efficiency to 77.1%, confirming that
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Figure 7. a) Effects of anions and humic acids on degradation; b) Degradation of TC in various water matrices using the Fe-NG/PMS system; c)
Degradation of TC by Fe5-NG/PMS for five cycles; d) Fe leaching for the various systems at different pH values.

Fe(IV) = O is oxidized selectively and serves as the main active
species. Electron spin resonance (ESR) spectroscopy validates
the presence of active species. Figure 8b–d shows that the sig-
nals of DMPO-SO4

•−, DMPO-•OH,DMPO-•O–2, and TEMP-1O2
adducts increase with reaction time, providing clues that SO4

•−,
•OH, •O–2and 1O2 are all present in the Fe5-NG/PMS system.
The study indicates that electron transfer between materials

and pollutants can accelerate reaction rates. To investigate the
electron transfer characteristics of the Fe5-NG system, electro-
chemical tests were conducted to analyze its i-t curve and EIS
spectra. As shown in Figure S3a (Supporting Information), the
current became more negative upon the addition of PMS and
then stabilized, suggesting the system reached equilibrium. At
200 s, the introduction of TC caused a gradual increase in cur-
rent, demonstrating that the synergistic effect between TC and
PMS enhanced electron transfer. In Figure S3b (Supporting In-
formation), the EIS spectra reveal that Fe5-NG exhibits a smaller
impedance radius, confirming its superior electron transfer ca-
pability. This enables electrons to rapidly activate PMS through
active sites, thereby facilitating the degradation of TC.
In order to identify the main active sites in response to PMS

activation, the changes in the surface structure of the reaction
sequence Fe5-NG are analyzed by XPS (Figure 9). The total N
content decreases from 24.7 at% to 16.3 at% after the reaction.
A significant decrease in pyridine N from 30.8 at% to 17.4 at% is
observed after the reaction, but there are onlymoderate increases
in pyrrole N (from 40.0 at% to 49.2 at%) and graphite N (from
27.2 at% to 33.4 at%), confirmed that pyridine N is the active ni-

trogen species in the activation of PMS. Nitrogen doping may
produce a nonuniform arrangement of electrons, making the po-
larized carbon atoms around the dopant susceptible to reacting
with negatively charged PMS to form sub-stable PMS with an in-
ternal electron rearrangement. Sub-stable PMS extracts electrons
from the electron-rich N in the carbon network to form the active
species to attack TC, and nitrogen-rich Fe5-N provides abundant
free electrons and a broad reaction platform.
Figure 9b shows that Fe(II)2p3/2 and Fe(II)2p1/2 in the Fe 2p

spectrum of Fe5-NG decrease from 32.3% and 23.7% to 24.5%
and 20.8% after the reaction, respectively. Conversely, Fe(III)2p3/2
and Fe(III)2p1/2 increase from39.8% and 4.2% to 46.0% and 8.7%
after the reaction, respectively. This is because Fe(II) contributes
electrons for PMS to produce active sulfate radicals and hydroxyl
radicals Equations (2) and (3). PMS can also reduce Fe(III) in a
higher valence state to Fe(II) in a lower valence state to form a re-
dox cycle of Fe(III) and Fe(II) Equation (4). It has been reported
that the abundance of free electrons in carbon materials may ac-
celerate the redox cycle of Fe(III) and Fe(II) Equation (5).[67] Based
on this, it can be concluded that prior to the reaction, pyridinic
N stabilizes the dispersion of Fe in the material through Fe-N
bonds. During PMS activation, pyridinic nitrogen provides elec-
trons to facilitate the Fe(II)/Fe(III) redox cycling.[68,69] The loss
of pyridinic N disrupts the stability of Fe-N coordination, which
consequently leads to incomplete Fe(II) regeneration and perfor-
mance degradation after four cycles.

HSO−
5 + e− → SO4⋅

− +OH− (1)
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Figure 8. a) Effects of different radical scavengers on TC degradation for the Fe5-NG/PMS system; b) ESR spectra of DMPO-•OH and DMPO-SO4
•−;

c) ESR spectra of DMPO-•O–2; d) ESR spectra of TEMP-1O2 for the Fe5-NG/PMS system.

Fe (II) +HSO−
5 → Fe (III) + SO4⋅

− +OH− (2)

SO4⋅
− +OH− → OH + SO2−

4 (3)

Fe (III) +HSO−
5 → Fe (II) + SO−

5 +H+ (4)

Fe (III) + e− → Fe (II) (5)

HSO−
5 +H2O → HSO−

4 +H2O2 (6)

H2O2 → 2 ⋅OH (7)

⋅OH +H2O2 → HO∙
2 +H2O (8)

HO⋅
2 → H+ + ⋅O−

2 (9)

2 ⋅O−
2 + 2H2O → 1O2 +H2O2 + 2OH− (10)

SO2−
5 +HSO−

5 → SO2−
4 +HSO−

4 + 1O2 (11)

Figure 9. a) XPS N 1s spectra of pristine and used Fe5-NG and b) Fe 2p spectra of fresh and used Fe5-NG.
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Figure 10. Two proposed TC degradation pathways for the Fe5-NG/PMS system.

Fe (II) +HSO−
5 → Fe (II) −HSO−

5 → Fe (IV) = O + SO2−
4 + 2H+ (12)

LC-MS is performed to identify the intermediate products dur-
ing TC degradation. Based on the results, two possible pathways
are proposed for the Fe5-NG/PMS system (Figure 10). In pathway
I, TC undergoes ketonization to form P1 (m/z = 460) through
the attack of reactive species. Subsequently, the methyl nitrogen
and amide groups on P1 are removed to yield P2 (m/z = 373).
P2 then loses one molecule each of hydroxyl, methyl, and amino
groups to form P3 (m/z= 328). P3 is progressively converted into
a smaller intermediate P4 (m/z = 192). In degradation pathway
II, TC loses the amide group, and two methyl groups attached
to the nitrogen are attacked by active radicals to form P5 (m/z
= 389). P5 then loses its methyl group to yield P6 (m/z = 359).
P6 is further deprived of hydroxyl and amino groups, leading to

progressive ring opening and the formation of P7 (m/z = 291),
P8 (m/z = 191), P9 (m/z = 138), and P10 (m/z = 122). Finally,
under the influence of active substances, these intermediates are
gradually converted into CO2 and H2O.
Based on the above discussion, a mechanism for the TC degra-

dation is proposed for the Fe5-NG/PMS system in Figure 11.
The degradation pathways can be divided into non-radical and
free-radical ones, with the non-radical pathway being the pre-
dominant one. In the free-radical pathway, PMS generates SO4˙

–

by extracting free electrons or reacting with Fe(II) Equations (1)
and (2). SO4˙

– further generates ˙OH Equation (3), while PMS
can also be hydrolyzed to generate ˙OH directly Equations (6)
and (7). ˙OH can generate ˙O–2 by Equations (8) and (9). In
the non-radical pathway, 1O2 is mainly derived from the reac-
tion of ˙O2

– with H2O Equation (10). The superior degradation
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Figure 11. Possible mechanism of TC degradation by the Fe5-NG/PMS system.

performance of Fe5-NG stems from the synergistic effects of Fe
sites and nitrogen species (pyridinic N and graphitic N) in acti-
vating PMS to generate free radicals. Specifically, pyridinic nitro-
gen stabilizes highly dispersed Fe atoms through Fe─N bonds.
The electron-rich nature of pyridinic nitrogen enhances material
adsorption of PMS, improves electron conduction, and acceler-
ates electron transfer to both PMS and Fe(III), thereby sustaining
the Fe(II)/Fe(III) redox cycle. Concurrently, graphitic nitrogen
and Fe-N configurations promote PMS decomposition to gen-
erate 1O2 Equation (11).

[51] In addition, high valent iron species
(Fe(IV) = O) play an important role in the Fe5-NG/PMS system
Equation (12). Ultimately, under the synergistic effect of the Fe5-
NG/PMS system, these free radicals and non-radical species col-
lectively formed an integrated reaction network, mineralizing TC
into H2O and CO2.

4. Conclusions

Fe5-NG porous carbon catalysts are fabricated by a one-step calci-
nation method with iron phthalocyanine as the precursor. The
products exhibit a unique porous structure and morphology.
The optimal Fe5-NG/PMS system shows remarkable degrada-
tion efficiency by achieving 100% tetracycline degradation within
12 min. The key factor is the synergistic interaction between Fe
and N, particularly through the formation of Fe─N bonds. The
Fe─N bonds drive PMS activation, enabling efficient generation
of SO4˙

– and 1O2 for TC degradation. Overall, Fe5-NG shows great
potential in environmental remediation, especially the degrada-
tion of common pollutants such as tetracycline. The critical role
of Fe-N bonds in the superior catalytic activity is confirmed.
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Fig.S1. Degradation effects of different contaminants. 
 
  



 

 

 

Fig.S2 Degradation of TC by FeX-NG/PMS (x = 1, 5, and 10) for five cycles 

 

  



 

 

 

Fig. S3 (a) i-t curves obtained at 0.0 V vs. Ag/AgCl with Fe5-NG; (b) EIS spectra of 

CN and Fe5-NG loaded on the FTO glass electrodes. 
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