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Abstract

Nitrogen- and iron-co-doped carbon dots (N,Fe-CDs) were
synthesized via a hydrothermal method and rationally
engineered as a low-iron, UV-responsive catalyst in a
UV/N,Fe-CDs/peroxymonosulfate (PMS) system for rapid
carbamazepine (CBZ) degradation. Characterization
verified a near-spherical morphology, with iron chelation
improving light absorption, electron transfer, and catalytic
stability. Fe—0, Fe—N, and Fe—OH coordination stabilized Fe
species and promoted Fe(lll)/Fe(ll) redox cycling under UV
irradiation through photoinduced electron transfer and
ligand-to-metal charge transfer (LMCT). This ensured that
the process performed successfully in a large range of PH,
between 3 and 9. When the right conditions were met (0.5
mM PMS, 0.10 g/L N,Fe-CDs), 95.4% of the CBZ was
removed in 20 minutes, which was 6.8 times faster than
UV/PMS. lons that were present at the same time, like
Mg?*, NHs*, CI, and HCOs~ , greatly slowed down
degradation. SO, only slowed it down at high
concentrations, whereas NOz~ and humic acid had little
effect. Mechanistic studies identified 10, and 0, as the

main species, while SO42~ and ¢OH were less important.
HPLC-MS/MS found 14 intermediates, and density
functional theory calculations pointed to hydroxylation and
ring-opening of the seven-membered heterocycle as the
main ways these things happen. Predictions of toxicity
showed lower risks to the environment. Overall, the
UV/N,Fe-CDs/PMS system couples Fe coordination
stabilization with UV-assisted PMS activation, suggesting
promise for wastewater treatment in complex matrices.

Keyword: N,Fe-doped carbon dots; Fe®*/Fe?* cycling;
Peroxymonosulfate activation; Carbamazepine degradation

1. Introduction

Carbamazepine (CBZ) is a widely used aromatic
pharmaceutical containing a nitrogen heterocycle and is
one of the most frequently detected PPCPs in aquatic
environments. Clinically, CBZ is prescribed for neuropathic
pain, epilepsy, and bipolar disorder (Almeida et al. 2021).
Its global consumption has continued to increase, with
annual usage estimated at 1014 tons (Zhang et al. 2008).
Approximately 72% of orally ingested CBZ is absorbed,
while the unmetabolized fraction (~28%) is excreted and
enters sewage systems (Brezina et al. 2017). Consequently,
CBZ residues have been reported in wastewater treatment
plant effluents and surface waters at 460—-6300 ng/L and
263-11561 ng/L, respectively, and up to 610 ng/L in
drinking water (Wang et al. 2020). Current treatment
technologies usually fail in case of an accident or
unexpected release of pharmaceuticals, endangering
water habitats (Chen et al. 2017). Therefore, developing
effective and environmentally benign strategies for rapid
CBZ removal is a high priority.

High mineralization proofs of recalcitrant pollutants are
documented in methodologies of advanced oxidation
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(AOPs), such as ozone, hydroxyl-radical-binding oxidation,
and UV-assisted oxidation (Gholizade et al. 2023). In
particular, sulfate-radical (SOs*—) AOPs have gained
prominence due to their high redox potential and
selectivity (Cai et al. 2021; Zeng et al. 2022). UV activation
of peroxymonosulfate (PMS) directly yields SO,¢— and has
been applied to degrade diverse contaminants (Li, H. et al.
2022; Ling et al. 2023). Nevertheless, standalone UV/PMS
suffers from high energy/chemical demand, largely limited
by the modest PMS light absorption and quantum yield
(Ling et al. 2017).

Iron-activated PMS systems can effectively remove
recalcitrant organics through the combined action of SO4¢~
, *OH and high-valent Fe(lV). However, Fe(ll)/PMS often
requires high Fe(ll) dosages because Fe(ll) regeneration is
slow, increasing cost and sludge formation (Dong et al.
2021; Wang et al. 2022). Precipitation of Fe(lll) at pH > 3
further suppresses catalysis (Stefansson 2007). Under
irradiation, Fe(lll) can be photoreduced to Fe(ll), improving
radical production. Ahmed et al. demonstrated that UV-
Vis/PMS/Fe(ll) degraded pesticides and pharmaceuticals at
rates an order of magnitude higher than UV-Vis/TiO,
(Ahmed et al. 2014); likewise, Fe?* addition enhanced UV-
C/PMS removal of seven PhACs with the highest TOC
reduction in PMS/Fe(ll)/UV-C (Rodriguez-Chueca et al.
2019). These findings motivate designs that stabilize iron,
accelerate Fe(lll)/Fe(ll) cycling, and sustain activity at mildly
acidic to neutral pH.

Carbon dots (CDs), as a novel carbon nanomaterial
composed of a carbon core and passivated surface, offer
advantages such as economical synthesis raw materials,
diverse preparation methods (including the commonly
used hydrothermal method in laboratories), and
controllable fabrication processes (Rahmani and Ghaemy
2019; Wang and Hu 2014; Zhang et al. 2022). Synthesis
conditions allow precise tuning of their physicochemical
properties. Taking advantage of their peculiar structure,
CDs have excellent optical characteristics, excellent water
solubility, biocompatibility, photostability, and easy
surface modification (Lim et al. 2015; Rosso et al. 2020).
Under illumination, CDs can store and shuttle photoexcited
electrons, making them : promising mediators in
photochemical reactions (Di et al. 2015). Usually, the
Fe(Il)/Fe(ll) cycle is-among the fundamental reactions of
the advanced oxidation process (AOPs) in carbon materials
iron-doped (Zhao, G. et al. 2021). Studies have shown that
the iron-doped biochar is an electron donor-acceptor
medium in the treatment of organic pollutants. It increases
the density and reactivity of surface-active sites, facilitating
Fe(Ill) reduction and enhancing Fe(lll)/Fe(ll) cycling,
thereby stabilizing iron species and sustaining catalytic
activity (Ahmad et al. 2023). In addition, by covalently
attaching heteroatoms (e.g. N, P, S) into the carbon
skeleton, electron density and local structure can be
regulated to improve the capacity of Fe(lll) to capture
electrons. Therefore, N-doped CDs drastically enhance light
absorption and electron storage/transfer properties (Shi et
al. 2017; Wang et al. 2017); The acquisition of a transition
metal Fe is capable of binding with the functional groups of
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the CDs and demonstrates an excellent catalytic effect
(Bourlinos et al. 2017). Multi-heteroatomic co-doping has
become a focus instead of the single-atom doping because
it allows them to cause synergistic effects resulting in
unique electronic structures (Miao et al. 2020). Given the
low cost and environmental friendliness of CDs, it is
necessary to design and study N,Fe-CDs to optimize
catalytic degradation systems.

The Fe,N-CDs/PMS system was able to efficiently activate
PMS to generate free radicals in a wider pH range, thus
effectively promoting the degradation of CBZ. This
capability was corroborated by Yang et al. (Yang et al. 2024)
who showed that under visible light irradiation and in a
wide pH range of 5-9, the Fe,N-CDs/RF composites
exhibited significantly enhanced photocatalytic activity
compared to the baseline RF materials, achieving a 3.2-fold
increase in the rate constant (k) for the degradation of
chloroquine phosphate (CQ). Therefore, this study aims to
(1) synthesize stable N,Fe co-doped carbon dots (N,Fe-CDs)
via the hydrothermal method to stabilize iron ions, address
the issue of slow iron cycling at pH > 3, and provide
photoelectrons under UV light to accelerate iron cycling,
thereby constructing a UV/N, Fe-CDs/PMS degradation
system, achieving multi-pathway synergistic activation of
the PMS process through the lower iron content in N,Fe-
CDs, significantly enhancing the degradation performance
of CBZ, and systematically investigating the key factors
influencing CBZ degradation efficiency (such as catalyst
dosage; PMS concentration, pH value, coexisting
substances, etc.); (2) identify the dominant reactive species
in the UV/N,Fe-CDs/PMS system and elucidate how surface
Fe(Il)/Fe(ll) redox cycling drives PMS activation and CBZ
degradation; meanwhile, by comparing light and dark
conditions and tracking ROS signatures, we will verify that
UV irradiation is indispensable for reactive species
generation and sustained Fe cycling. Combining the
identification of target degradation products, key reaction
intermediates, and DFT calculations, propose possible
degradation pathways for CBZ; (3) Evaluate the ecological
toxicity of degradation intermediates to ensure the
environmental safety of the degradation system. The N,Fe-
CDs/PMS composite oxidation system developed in this
study provides an effective emergency response strategy
for addressing accidental leaks of carbamazepine
pharmaceutical wastewater and elucidates the
degradation behavior of CBZ in a PMS catalytic oxidation
system based on carbon dots from a mechanistic
perspective.

2. Materials and methods

2.1. Chemicals and reagents

Carbamazepine (CisH12N20) was purchased from Aladdin
(Shanghai, China). Citric acid monohydrate (CsHsO7-H,0),
urea (CHsN:0), ferric chloride (FeCls-6H,0), potassium
peroxydisulfate (2KHSOs5-KHS04-K2S04), 1,10-o0-
phenanthroline (Ci2HsN2), ferrous ammonia sulfate
(Fe(NHa)2(S04)2-6H20),  hydroxylamine  hydrochloride
(CIHaNO), ammonium acetate (C2H7NO2), and
hydroxyamine hydrochloride (CIHsNO). Ammonium
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Acetate (C2H7NO3), glacial acetic acid (C2H402), hydrochloric
acid (HCI), sodium hydroxide (NaOH), sodium thiosulfate
(NA2S203), sodium chloride (NaCl), sodium hydrogen
carbonate (NaHCOs), sodium nitrate (NaNOs), sodium
sulfate (Na:S0a4), calcium sulfate (CaSOa), magnesium
sulfate (MgSOs4), ammonium sulfate ((NH4)2S04) were
purchased from Sinopharm Chemical Reagent (Shanghai,
China).Tert-butanol (C4H100), p-benzoquinone (CsHs0z),
furfuryl alcohol (CsHsO2), methanol (CHsOH), acetonitrile
(CHs3CN), humic acid (HA) were purchased from Maclean's
(Shanghai, China). All chemicals were analytically pure and
deionized water was used in this study.

2.2. Preparation and characterization of materials

2.2.1. Preparation of N,Fe-CDs

N,Fe-CDs were prepared by a facile hydrothermal method.
Citric acid 6.0 mmol monohydrate and 2.0 mmol ureawere
added to 20 mL ultrapure water and dissolved under
stirring at room temperature. Subsequently, 0.5 mmol of
ferric chloride hexahydrate was added to the solution with
continuous stirring to ensure that the components were
fully reacted. The resulting solution was transferred to a
Teflon-lined stainless-steel autoclave, sealed, and heated

at 180 °C for 8 h. After cooling to room temperature, the
reaction product was filtered using an aqueous filter
membrane with a pore size of 0.22 um to remove insoluble
impurities. The filtrate was dialyzed using a dialysis bag
with a MWCO of 1000 Da for 6 h to further purify the
product. Finally, the dialysate was freeze-dried to obtain
N,Fe-CDs in brown powder form.

2.2.2. Characterization of the material

The morphological structure of N,Fe-CDs was observed
using TEM (FEI TALOS-F200X). Chemical composition was
analyzed by Fourier transform infrared spectroscopy (FTIR,
Nicolet IS5) in transmission mode (400-4000 cm™"). Crystal
structure was determined via X-ray diffraction (XRD, Bruker
D8 Advance) using Fe Ka radiation (40 kV, 40 mA) with a
scanning range of 10-80° (206) at 5°/min. X-ray
photoelectron spectroscopy (XPS, Thermo K-Alpha) with Al
Ka source (1486.68 eV) examined surface composition (0-
1300 eV range). UV-Vis absorption spectra (200-600 nm)
were recorded using = a Shimadzu UV-3600
spectrophotometer.  Photoelectrochemical properties
were evaluated using a CHI 660E workstation with a three-
electrode system  (Ag/AgCl as reference electrode,
platinum electrode as the counter electrode, and a sample-
coated conductive glass as working electrode) in 0.5 M
Na,SO, electrolyte, with transient photocurrent responses
measured under alternating dark/light conditions.

2.3. Degradation experiment

A low-pressure mercury lamp (A=254 nm, power 10 W)
with an external quartz sleeve was used as the UV light
source, which was placed on the magnetic stirrer and
immersed into the quartz container, and the reaction was
started after 30 mins of preheating to ensure that the
intensity of radiation was stabilized at 28 uW/cm?2. During
the reaction, the temperature was controlled by air cooling
and the magnetic stirrer's own heating system. 200 mL of

carbamazepine solution was poured into a 300 mL quartz
beaker, and a preset amount of PMS and catalytic material
was added under light-avoidance conditions, and the
magnetic thermostat stirrer was activated to carry out
stirring for 30 min to ensure the adsorption-desorption
equilibrium. Subsequently, the UV light source was turned
on to formally start the photocatalytic degradation
process. During the reaction process, samples were taken
from the same location at set time points. The water
samples taken were quenched with Na,S,0; and then
filtered through a 0.22 um filter membrane. The filtrate
samples were analyzed by high performance liquid
chromatography (HPLC).

The study investigated the effects of N,Fe-CDs/PMS
concentration, solution pH, temperature and co-existing
pollutants/substances on the oxidizing performance (as
indexed by CBZ removal).The CBZ removal efficiency (n,
100%) was calculated according to the following equation
(2).

¢, —C 1
2 x100% (@

77 =
0
Where n is the degradation rate, %; Co is the initial
concentration of CBZ, mg/L; C is the concentration of CBZ at t
min, mg/L. The degradation rate of CBZ at t min was 0.5 mg/L
and the degradation rate of CBZ at t min was 0.5 mg/L.

2.4. Methods of analysis

The concentration of pollutants was determined using a
Shimadzu LC-20A high-performance liquid
chromatography (HPLC) system. The mobile phase
consisted of HPLC-grade acetonitrile (Phase A) and
ultrapure water (Phase B) in a volume ratio of 55:45. The
flow rate was set at 1.0 mL/min, the column temperature
was maintained at 30°C, and the injection volume was 10
pL. Detection was carried out at a wavelength of 270 nm
using an ultraviolet detector. Under these conditions, the
retention time of CBZ was observed to be 5.2 mins.

Fe(Il) concentration was measured according to the Chinese
national standard “Water Quality — Determination of Iron —
o-Phenanthroline Spectrophotometric Method (for Trial
Use)” (HJ/T 345-2007), which was employed to monitor the
Fe(ll) concentration and its dynamic changes during the
reaction (see Text S1 for details). Degradation intermediates
of CBZ were detected using HPLC-MS/MS, while Gaussian 16
qguantum chemical calculation software was used for
structure optimization and reactivity analysis of the CBZ
molecules (for detailed methodology, refer to Text S2).

2.5. Toxicity measurements

The toxicity of carbamazepine (CBZ) and its degradation
intermediates was assessed using the T.E.S.T ecotoxicity
prediction software, which operates on the principle of
quantitative  structure-activity  relationship  (QSAR)
modeling. The software allows quick assessment of the
possible toxicity of compounds through entering their 2 or
3D molecular structures and run a variety of models of
algorithmic approaches. The acute toxicity to Daphnia
magna, an aquatic invertebrate, was evaluated using
T.E.S.T software, with structural characterization of each



intermediate. The primary endpoint of the analysis was the
48-hour median lethal concentration (LCso). Additionally,
environmentally relevant toxicity parameters, including
developmental toxicity, mutagenicity, and
bioconcentration factor (BCF), were predicted and
analyzed.

3. Results and discussion

3.1. Characterization of N,Fe-CDs
3.1.1. The appearance of N,Fe-CDs

Figure S1 shows that N,Fe-CDs particles exhibit uniform
distribution and near-spherical morphology,
demonstrating excellent dispersion with no visible
agglomeration. High-resolution images reveal lattice
fringes with an interplanar spacing of approximately 0.22
nm (Figure S1c), consistent with the (100) plane of graphitic
carbon. Statistical analysis based on 100 particles (Figure
S1d) indicates that the average particle size of N,Fe-CDs is
4.58 + 0.08 nm, with a particle size distribution following an
approximate Gaussian distribution, primarily concentrated
in the 3.25-6.25 nm range.

3.1.2. The crystal structure of N,Fe-CDs

The XRD pattern of N,Fe-CDs was shown in Figure 1a. A
sharp diffraction peak at 19.25° indicated that Fe in N,Fe-
CDs primarily existed in an amorphous state rather than
forming iron oxide crystals(Li, Q.S. et al. 2022). The
diffraction peak at 23.61° in N-CDs was close to the (002)
crystallographic plane of graphitic carbon, which was
similar to the N-doped CDs prepared by Zhang et al. (Zhang
et al. 2016) using ammonia as a nitrogen source. Compared
to the graphitic carbon peak in N-CDs, the carbon peak of
N,Fe-CDs was slightly shifted to 23.1°, suggesting that they
still maintained an amorphous structure and underwent
lattice contraction. This change was possibly linked to the
active sites generated in N,Fe-CDs(Mir et al. 2023).
Moreover, the amount of the graphite peaks within N,Fe-
CDs was significantly less than the amount within the N-CDs
hence the implication that Fe has been effectively doped in
the sp? graphite framework(Li et al. 2018).

3.1.3. Surface chemistry and photoelectronic properties

peaks observed at 3430 cm™, 3160 cm™, 3006 cm™, 1405
cm™, 1720 cm™, and 1203 cm™, corresponding to the
stretching vibrations of -OH, N-H, C-H, C=N, C=0, and C-O,
respectively  (Al-Qahtani et al, 2022). These findings
proved the effective doping of nitrogen of the graphitic
carbon structur (Ahmadian-Fard-Fini et al. 2021).
Furthermore, as shown in Figure 1d, compared to N-CDs,
the N,Fe-CDs exhibited transmission peaks of Fe-OH, Fe-O,
and Fe-N in the lower wavelength region (1000-500 cm™),
with Fe-O dominating at 845 cm™, 600 cm™, and 540 cm™,
respectively. The resulting findings showed that doping or
coordination of the iron into the carbon dots is successful
(Jiang et al. 2025). The above observations also indicated
that N, Fe-CDs had an added signal due to the presence of
functional groups (H20 and CO) surface, which was at 710
eV with respect to N-CDs, which was the Fe 2p peak and
indicated that Fe had been successfully doped onto the
N,Fe-CDs. The O 1s and Fe 2p signals of N,Fe-CDs were
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much stronger than the signals of N-CDs, which indicated
that the introduction of Fe could stimulate the appearance
of the oxygen functional groups on the surface of the
material, including this hydroxyl, carboxyl, or iron oxide
species. The increase in activity and distribution of reactive
sites on the surface was probably increased by this
enhancement. Moreover, N,Fe-CDs and N-CDs had distinct
peaks at about 284 e V, 532 e V, and 400 e V, respectively,
and which were attributed to C, O, and N respectively. This
was a sign that nitrogen had been successfully doped in the
materials and as per the peak intensity, C, N and O were
identified as the primary constituent of the carbon dots.
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Figure 1. (a) XRD patterns; (b) XPS Scanning Spectra; (c-d) The
FTIR images; (e) Transient photocurrent response spectrum; (f)
UV-Vis Absorption Spectra;

Figure 1f showed that N,Fe-CDs had great absorption
characteristics at the ultraviolet (UV) selection. The two
absorption peaks found at 240 nm and 320 nm were
reported to belong to the sp? to graphite carbon and n p +
transitions of C=0 and C=N, respectively. The n- 0 - Fe -N
coordination bonds formed a slight shift inthen-0- Fe -N
absorption peak of N,Fe-CDs as compared to N-CDs (Chang
et al. 2021). Furthermore, the doping of transition metal Fe
resulted in the formation of Fe-O, Fe-N, and Fe-OH
complexes, which enhanced the absorption of N,Fe-CDs in
the UV-visible region, thereby broadening the absorption
range of the carbon dots (Chang et al. 2021). As shown in
Figure le, transient photocurrent response experiments
indicated that the photocurrent intensity of N,Fe-CDs
significantly increased over multiple light-switching cycles.
Compared to N-CDs, N,Fe-CDs exhibited a higher
photocurrent response, suggesting that N,Fe-CDs were
more  efficient in  separating and transferring
photogenerated electrons (Jiang et al. 2025).

3.2. Effectiveness of UV/N,Fe-CDs/PMS systems

3.2.1. Comparison of degradation effect of CBZ under
different systems



N,Fe-DOPED CARBON DOTS/UV SYNERGISTICALLY ACCELERATED Fe®**/Fe?* CYCLE 5

To reveal the synergistic mechanism of multi-systems, the
degradation ability of different reaction systems for CBZ
under the same conditions was compared. As shown in
Figure 2a, the system reached adsorption-desorption
equilibrium after 30 mins in the dark, and the degradation
reaction did not proceed significantly. In the blank UV, N-
CDs, N,Fe-CDs single system, the degradation efficiency
was extremely low with C/Co > 0.85 due to the lack of
oxidant or photocatalytic activation. After the introduction
of PMS, the UV/PMS system directly activated PMS by UV
light to produce SOs¢~ and *OH, and the degradation rate
was increased to 46.1%, but was limited by the activation
rate; in the UV/Fe3**/PMS system, Fe3* promoted the
transfer of electrons under UV irradiation, and was reduced
to Fe?*(Ling et al. 2017), which improved the degradation
efficiency. The activation efficiency was improved, and the
degradation rate reached 53.7%, but it still did not break
through the limitation of traditional iron-based catalysts;
the UV/N-CDs/PMS system took advantage of the electron

acceptor property of N-CDs to enhance the generation of
ROS through interfacial reaction, and the C/Co was reduced
to 0.52, and the degradation rate was about 48%, which
demonstrated the ability of nitrogen-doped carbon dots in
the activation of PMS; the UV/N,Fe-CDs/PMS system was
also improved by the UV irradiation. The UV/ N,Fe-
CDs/PMS system showed the best performance, with the
degradation rate of CBZ reaching 95.4% in 20 mins, which
was much higher than that of the other systems. The high
efficiency of the UV/N,Fe-CDs/PMS system was attributed
to the fact that the Fe-O/N/OH bonds in the N,Fe-CDs
enhanced the stability of iron ions and accelerated the
electron transfer, which significantly enhanced the
activation efficiency of the PMS, and thus increased the
yields of SO4¢~ and ¢OH. Table 1 shows a comparison with
other treatments demonstrating the high efficiency of the
UV/N,Fe-CDs/PMS degradation system.

Table 1. Degradation efficiency of CBZ by UV/N,Fe-CD/PMS with other treatments

Catalyzer Experimental condition CBZ concentration  Degradation time/efficiency Reference
Fe-Cu binary oxide [Fe-Cu binary oxide] = 1.5 2 mg/L 180 min/100% (zhu et al. 2022)
g/L; [H202] =0.2 M
FeO [Fe% = 0.4 g/L; [H20,] = 100 10 mg/L 30 min/95% (Ghauch et al. 2011)
mM ultrasound
Cl [CI] = 600 pM UV 5 mg/L 70 min/88.6% (Yang et al. 2016)
Fe2* [Fe2*] =17.91 uM; [H,03] 5 mg/L 600 min/90.6% (Wang and Zhou 2016)
=1.06 mMultrasound
Feo [Fe®] = 0.4 g/L; [PDS] = 0.4 5 mg/L 60 min/98.4% (Ali et al. 2018)
mg/L ultrasound
N,Fe-CDs [N,Fe-CDs] = 0.1 g/L; [PMS] 10 mg/L 20 min/95.4% This study
=0.5mM 10W UV

3.2.2. Effect of N,Fe-CDs/PMS concentration

The effect of different PMS concentration (0.1-0.7 mM)
systems on the degradation of CBZ was experimentally
investigated and the results are shown in Figure 2c. When
the PMS concentration was increased from 0.1 mM to 0.7
mM, the degradation rate of CBZ increased from 41% to
96.7% after 20 mins of reaction, and the value of k, the
degradation rate constant, was gradually increased from
0.021 min™(0.1 mM) t0 0.161 min™ (0.7 mM). However, the
increase gradually leveled off between 0.5 mM and 0.7
mM.

Different concentrations (0.06-0.12 g/L) of N,Fe-CDs were
also set up to investigate their effects on the degradation
efficiency of CBZ, and the results are shown in Figure 2b.
The degradation rate and degradation efficiency of CBZ
increased significantly with the gradual increase of N,Fe-
CDs concentration. When the dosage of N,Fe-CDs was
increased from 0.06 g/L to 0.12 g/L, the degradation rate of
CBZ increased from 67.4% to 96.9% after 20 min reaction,
but the degradation effect of 0.12 g/L was not much
different from that of 0.10 g/L condition. This trend is also
shown by the change of k value in Figure 2b, which
increased from 0.101 min' to 0.144 min' as the
concentration increased from 0.06 g/L to 0.10 g/L, and
further increased to 0.170 mins at 0.12 g/L catalyst dosage.
Above 0.10 g/L, the high concentration of catalyst may lead

to the excessive generation of free radicals, which triggers
the self-bursting reaction between the free radicals, thus
leading to a slowing down of the increase in the CBZ
degradation rate (Fan et al. 2018). Therefore, considering
the cost and high activity, subsequent experiments were
conducted using 0.5 mM PMS and 0.10 g/L N,Fe-CDs.

3.2.3. Effect of Temperature

The impact of temperature on CBZ degradation was
assessed in the range of 25°C to 55°C. As shown in Figure
2d, the degradation rate of CBZ increased from 95.4% to
99.1% as the temperature rose, and the degradation
process was significantly accelerated. The rate constant (k-
value) progressively increased from 0.144 min~ to 0.222
min~'. However, at 55°C, the k-value slightly decreased to
0.201 min™", indicating a positive influence of temperature
on the reaction kinetics up to a point. The elevated
temperature enhanced the degradation performance
through two primary mechanisms: firstly, the high
temperature accelerated the surface activation of PMS by
the catalyst, increasing the generation rate of free radicals
like SO4¢~ and ¢OH (Liu et al. 2021); secondly, the increased
temperature boosted the frequency and energy of
collisions between free radicals and pollutants (Yentir and
Dukkanci 2020). The slight decrease in the k-value at 55°C
compared to 45°C can be attributed to the fact that
excessively high temperatures may accelerate the self-



decomposition or side reactions of PMS, thereby reducing
the yield of effective radicals.

3.2.4. Effect of pH

The degradation behavior of CBZ was also systematically
studied across different pH values. As illustrated in Figure
2e, the system exhibited good degradation performance
under acidic conditions (pH = 3 and pH = 4). However, as
the pH increased to 5, 7, and 9, the degradation efficiency
of CBZ gradually declined from 94.8% to 72.1%, 74.1%, and
78.5% within 20 mins. When the pH was greater than 3,
Fe3* tended to form Fe(OH)s; precipitation (Zhang et al.
2019; Zhao et al. 2021), which hindered the activation of
PMS. However, the N,Fe-CDs were successful in stabilizing
the Fe ions through chelation with a similar degradation
rate when the pH =4 (k = 0.143 min™) to that when the pH
=3 (k = 0.139 min™"). This showed that the system was
better stable when in a weakly acidic medium (pH 3-4). At
pH 5-9 (k = 0.064-0.074 min -1), the degradation rate
became much lower. Despite the reduced efficiency in
neutral and alkaline conditions, the system retained some
degradation capability over a wide pH range (3-9). This
suggests that the chelation between the functional groups
in N,Fe-CDs and Fe3* significantly improved the stability of
Fe3*, highlighting that the UV/N,Fe-CDs/PMS system
possesses a certain degree of pH adaptability.
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Figure 2 (a) Effect of different reaction systems;(b) Effect of PMS
dosage;(c) Effect of N,Fe-CDs dosage;(d) Effect of pH;(e) Effect of
temperature;Experimental conditions:CBZ = 10 mg-L™", PMS = 0.5
mM, catalyst dosage = 0.1 g-L™", temperature =25°C, The initial
pH of all reactions is not adjusted, stirring speed =300 r/m

3.2.5. Effects of coexisting substances

To investigate the effects of multiple coexisting substances
in natural water, experiments were conducted to evaluate
the impact of various cations (e.g., Mg?*, NH4*), anions
(e.g., CI7, NOs~, SO4%7, HCO3™), and humic acid (HA) on the
degradation of CBZ using the UV/N,Fe-CDs/PMS system. As
shown in Figure 4a, the reaction was divided into two
phases: a dark reaction phase (-30 mins to 0 mins) and a UV
illumination phase (0 mins to 20 mins). Throughout the
reaction, CI~ and HCOs3~ exhibited significant inhibitory
effects on CBZ degradation. When the concentration of CI~
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reached 15 mM, the degradation rate of CBZ was
significantly slowed, demonstrating a strong inhibitory
effect (Figure 3a). The degradation efficiency leveled in the
concentration of HCO;™ of 5, 10 and 15 mM and the end
values of C/Co kept constant in the range of 0.65 to 0.70. It
shows that the degradation process was concentration-
dependently inhibited by both CI~and HCO3~, meaning that
their interactions with reactive free radicals like OH and
S04%" result in the formation of less reactive radicals and,
accordingly, reduced the efficiency of the degradation
process (Figure 3b).The inhibitory activity of CI~ and HCO;~
could be explained by the fact that they acted on reactive
free radicals and, thus, formed less reactive radicals and,
consequently, decreased the efficiency of the degradation
process Minimal effects could be< detected on CBZ
degradation by NO;~ within the 5-15 mM concentration
range (Figure 3c). SO4% - in the presence of 5 mM and 10
mM concentration was useful in CBZ-decomposition under
UV light. But, at higher concentration-of SO,% - of 15 mM,
the rate of degradation was slow, and the photoresponsive
degradation rate was consistently lower than other groups,
but it has clearly shown that there is an inhibitory effect
(Figure 3d). The concentration of SO;2"- (5-10 mM)
stimulated the degradation of CBZ, which stimulated the
production of the SO, radicals, which in turn increased
the degradation rate (Huie et al. 1988; Jiang et al. 2025).
Conversely, the degradation rate decreased as depicted in
the presence of higher ionic strength (15 mM) that
prevented the diffusion of free radicals.

HCO;™ + *OH > COz*~ + H,0 (E°=1.5V) (2)

The C/Co value was lower in the dark reaction stage with an
increase in the concentration of Mg?*. In this case,
especially a C/Co value decreased to 0.6 at the condition of
15 mM Mg?* +. It can be credited to the fact that Mg?* +
compresses the electric layer on the surface of N,Fe-CDs in
the solution, thereby decreasing the electrostatic repulsion
and, consequently, increasing the number of pollutant
molecules attached to N,Fe-CDs and PMS. The rate of
degradation of the system was greatly decreased during
the step of photoreaction. The degradation ratesin 0, 5, 10
and 15 mM Mg?* - were observed to be lower than 80
percent in 20 mins and the reaction curves were evened
after 10 mins (Figure 3e). The effect is reflected in the
result of Wu et al. (Wu et al. 2021). Mg 2+ has been
reported to raise the activation energy of majority of the
direct photolysis pathways of pollutants (Wang and Wang
2017); thereby suppressing the rate of reaction. NH;* also
demonstrates a similar dual effect (Figure 3f): by increasing
ionic strength, it reduces electrostatic repulsion between
N,Fe-CDs and the pollutants, promoting the adsorption and
enrichment of pollutants on the catalyst surface. However,
during the photoreaction phase, NH;* undergoes chain
guenching reactions with SOz~ and eOH, generating
amino radicals (NH,e, E° = 1.0 V) with low oxidizing ability,
which in turn weakens the overall oxidative degradation
capacity of the system.

Under UV irradiation, the substantial generation of ROS
allowed the system's degradation rate to reach 93.4% in
the presence of 5 mg/L HA, with only a 2% decrease; the
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degradation rate remained higher than that of the group
without HA over a period of time (Figure 3g). This indicates
that HA, acting as a photosensitizer under UV, generates a
significant amount of reactive substances such as triplet
chromophores DOM, hydroxyl radicals, and singlet oxygen,
which enhances the removal of water pollutants (Santoke
et al. 2012). Nonetheless, the degradation efficiency of the
system started to decrease with the increase of the HA
concentration up to 10mg/L and the inhibition became
stronger with the further increase of the HA concentration,
up to 20mg/L. This phenomenon is closely related to the
shading effect and free radical quenching effect of HA
(Chen et al. 2013; Kang et al. 2018), leading to a reduction
in the removal of target pollutants. Additionally, HA can
form complexes with metal ions such as Fe?*, which affects
the activation reaction between N,Fe-CDs and PMS.
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Figure 3. (a) Effects of different concentrations of Cl-;(b) Effects
of different concentrations of HCOs";(c) Effects of different
concentrations of NO3™;(d) Effects of different concentrations of
S0,4%;(e) Effects of different concentrations of Mg?*;(f) Effects of
different concentrations of NH4*;(g) Effects of different
concentrations of HA;(h) UV/N,Fe-CDs/PMS Anti-lon
Interference Radar Map ;Experimental conditions:CBZ = 10
mg:-L™", PMS = 0.5 mM, catalyst dosage = 0.1 g-L™", temperature
=25°C, The initial pH of all reactions is not adjusted, stirring
speed =300 r/m
Combining the effects of coexisting ions and organic
matter, Figure 3h presents the radar plot of CBZ removal
by the UV/N,Fe-CDs/PMS system under different coexisting
ion conditions. The results show that CI-, SO42-, NO3~, and

HA had little effect on degradation, maintaining a high
removal rate above 80%. Mg?* and NH;* caused slight
interference, but overall, the effect was weak, while HCO5~
significantly inhibited CBZ removal.

3.3. Mechanism of CBZ removal by UV/N,Fe-CDs/PMS
system

3.3.1. Identification of reactive species

To investigate the mechanism of CBZ degradation in the
UV/N,Fe-CDs/PMS system, it is essential to understand the
primary ROS involved in the degradation process. The
possible ROS include SO4*~, *OH, '0,, and *0;". It is well-
established that TBA reacts rapidly with «OH but is not
efficiently oxidized by -SO4e~(Liang -and Su 2009).
Consequently, TBA was introduced as a scavenger for ¢OH
in the experiments to assess its contribution to CBZ
removal. As shown in Figure 4a, the final CBZ degradation
decreased from 95.3% to 85.2% when the TBA
concentration was increased from 50 mM to 500 mM,
indicating that «OH plays a minor role in CBZ removal and
is not the primary active oxidant.MeOH has fast reaction
kinetics with -S04~ and ¢OH, which effectively arrests both
involvements -of radicals in equilibrium and with low
efficiency (Liu, N. et al. 2021). The rate of the degradation
of CBZ did not change significantly with the increased
concentration of MeOH (0 to 50 mM). Yet, the degradation
rate of CBZ was reduced dramatically with a further
increase in 'the MeOH concentration to 5 M (Figure 4b),
which indicates that the '0, and 0, existed in the
UV/N,Fe-CDs/PMS system, as well as the quenching effect
of high MeOH concentration, significantly inhibited the
degradation capacity of the system.Increased p-BQ and FFA
were used to investigate the roles of '0, and ¢0, in the
system. These findings, represented in Figure 4c-d, suggest
that the action of p-BQ and FFA was an effective inhibitor
of CBZ degradation. In the concentration of 1 mM adopting
p-BQ and FFA, the rate of degradation decreased to 15.4
and 11 percent, respectively, with minimal additional
decrease in the concentration. According to the findings of
the sample of free radical and non-radical quenching
experiments, the concentration of four ROS in the system
was verified. The non-radical '0, and the radical 0,” were
found to be the most important active species and -SO4¢"
and ¢OH were the secondary active species. Additionally,
there may be a synergistic interaction between the ROS.

In situ EPR spin-trapping confirmed ROS generation in the
UV/N,Fe-CDs/PMS system.The EPR spectra are shown in
Figure 4(a-c), which share identical axes.In Figure 4a,
DMPO (25 mM) was used to trap radicals.The spectrum
shows the characteristic 1:2:2:1 quartet of DMPQO-¢OH,
with a shoulder signal attributable to DMPO-SO4¢~.These
signals indicate the coexistence of *OH and SO,¢~ under UV
irradiation.The DMPO-¢OH signal was stronger than
DMPO-S0,¢", suggesting higher ¢OH formation, potentially
because SO4*~ contributes to *OH generation.In Figure 4b,
DMPO captured 0,", yielding a clear signal with an
intensity ratio of 2:2:1:2:1:2.In Figure 4c, TEMP (25 mM)
trapped '0,, producing the typical 1:1:1 triplet with a
markedly higher intensity than the radical signals.This
confirms the presence of '0, and suggests that it is the



dominant ROS in the UV/N,Fe-CDs/PMS system.No
corresponding EPR signals were detected in the
dark.Therefore, ROS generation is UV-dependent, and UV
irradiation serves as the key driving force for reactive
species formation.
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Figure 4. EPR spectra: (a) DMPO-*OH,DMPO-S0O4¢~; (b) DMPO-
«0;7; (c) TEMP-'0,
3.3.2. Conversion of iron ions

In the transition metal-catalyzed PMS advanced oxidation
system, the introduction of iron significantly accelerated
the free radical generation rate during PMS activation, a
process that likely expedited the Fe3*/Fe?* redox cycle. To
investigate this, researchers monitored the formation of
iron ions under both dark and UV light conditions. Under
UV irradiation, Fe** in N,Fe-CDs can be effectively reduced
to Fe** by the photogenerated electrons (e”) in the
graphene structure within the carbon dots, showing a clear
accumulation of photogenerated Fe?* (Figure 5e).. This
suggests that N,Fe-CDs can facilitate the reduction of Fe3*
to Fe?* during a 20-mins degradation reaction. Upon the
addition of PMS, the concentration of photogenerated Fe?*
in the system significantly decreased compared to the
system without PMS. This reduction is likely due to the
reaction of Fe?* with PMS, leading to the formation of
sulfate radicals (SOz*7).

3.3.3. Activation mechanism analysis

Based on the identification of system ROS and the analysis
of the results of iron ion conversion, a mechanism for the
catalytic degradation of the UV/PMS system enhanced by
N,Fe-CDs was proposed, as shown in Figure 6. Previous
studies have shown that the UV/PMS system mainly
generates *OH and SO~ (Eq. 3), and these two radicals
were also detected in the UV/N,Fe-CDs/PMS system. Under
UV irradiation, the sp? graphitic carbon structure of N,Fe-
CDs absorbs photon energy, leading to electronic
transitions that generate photogenerated electrons (e”).
Through a ligand-to-metal charge transfer (LMCT) process,
Fe3* acquires electrons from O, N, or OH ligands and is
rapidly reduced to Fe?* (Eq. 5). The Fe?* generated by
reduction plays a central role in driving and enhancing the
degradation reaction. Fe?* reacts with PMS to generate
strong oxidizing radicals such as SOs¢~ and ¢OH, while Fe?*
is oxidized back to Fe3* (Eq. 6). SO4*~ can further react with
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H,O to form eOH (Eq. 4)(Zhao et al. 2021). Under UV
irradiation, the interaction of Fe3* with PMS promotes the
generation of Fe?* (Eq. 7)(Ling et al. 2017). Simultaneously,
the photogenerated electrons in N,Fe-CDs can convert
dissolved oxygen into O, (Eq. 11). Fe?* in the system can
be oxidized to Fe3* by dissolved oxygen and react with it to
form ¢0, (Eq. 12)(Song, H. et al. 2015; Yang et al. 2016).
Research has shown that Fe?* may be further converted to
high-valent Fe(lV) in the presence of PMS (liang et al.
2025). Although this intermediate has a short lifetime, it
exhibits high reactivity in degrading pollutants, ultimately
decaying back to Fe3* or Fe?*(Tian et al. 2023). Therefore,
high-valent Fe (IV) may also exist in the system, warranting
further exploration.
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Figure 5. (a) Effect of TBA;(b) Effect of p-BQ;(c) Effect of
MeOH;(d) Effect of FFA;(e) Photogenerated Fe2* production in
different systems; Experimental conditions: CBZ = 10 mg:-L™",
PMS = 0.5 mM, catalyst dosage = 0.1 g-L™", temperature =25°C,
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r/m
Based on the involvement of reactive oxygen species (ROS)
and the observed Fe redox transformations, a catalytic
degradation mechanism for the UV/N,Fe-CDs/PMS system
is proposed (Figure 6). Past experimental results have
shown that the main products of the UV/PMS system are
hydroxyl radicals (¢OH) and sulfate radicals (SOs¢~) (Eq. 3)
both of which were also observed in UV/N,Fe-CDs/PMS
system. The sp? graphitic carbon structure of N,Fe-CDs
absorbs the UV irradiation photon energy leading to
electronic transitions that produce photogenerated
electrons (e”). Fe3* generates electrons on O, N, or OH
ligands by a ligand-to-metal charge transfer (LMCT)
mechanism and is then promptly reduced to Fe?* (Equation
5). The Fe?* produced in this reduction become the key
ingredient in catalyzing and boosting the degradation
reaction. Fe?* and PMS react to generate good oxidizing
radicals like SO4¢~ and ¢OH, whilst Fe?* is oxidized to Fe3*
(Equation 6). SO4*~ may also react with H,O to produce
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*OH (Equation 4)(Zhao, G.Q. et al. 2021).Fe3* + reacts with
PMS under UV irradiation to facilitate the formation of Fe?*
(Eg. 7)(Ling et al. 2017). Meanwhile, photoexcited
electrons from N,Fe-CDs can reduce dissolved O, to 0,
(Eq. 11). Fe** can also react with dissolved O, to form Fe3*
(Eq. 12), which may subsequently react with 0, (Song, Hui
et al. 2015). It has been shown that Fe?* can be further
oxidized to Fe (IV) high-valence form by PMS(Ahmadian-
Fard-Fini et al. 2021). Though the lifetime of this
intermediate is low, it is highly active in decomposing
pollutants and eventually breaks down to Fe3* or Fe?*
(Liang and Su 2009). Therefore, the potential involvement
of high-valent Fe(lV) warrants further investigation.

Besides the abovementioned free radical pathways, the
non-radical pathway degrades CBZ mainly by '0,, that
contributes a major share to the degradation process.
Primary routes to '0, production are the product of PMS
with Fe3* to yield eSOs™ - under UV radiation, where the
product can be formed by self-reaction or reacting with
water (Eqgs. 8 and 9); alternatively, it can be formed by self-
decomposition of PMS (Eq. 10)(Li, X. et al. 2022); or by
reduction of the product with water (Eq. 13) (Shahzad et al.
2019). Overall, the UV/N,Fe-CDs/PMS system provides
multiple pathways for the oxidative attack of CBZ
molecules. Among these, *0,~ and '0, are the primary key
oxidizing agents in the degradation system. While «OH and
SO,e~ also possess strong oxidative abilities, in this system,
they act more as synergistic contributors, further
increasing the overall degradation rate.
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Figure 6. Degradation system activation mechanism diagram
3.3.4. Degradation product pathway

The preliminary construction of the 3D molecular structure
of the target pollutant carbamazepine (CBZ) was carried out
using GaussView 6 software, and the molecular structure
was geometrically optimized using density-functional theory
(DFT) on the Gaussian 09W platform. The specific calculation
parameters are shown in Table 2.

Name Calculation type calculation method

base group rotation scheme background solvent

Parameter FREQ B3LYP

6-31g(d,p) one-line state H.0

The optimized electrostatic potential (ESP) map of
carbamazepine (CBZ) (Figure 7a) reveals a dipole moment
of 5.187 D, confirming its strongly polar nature. Notably,
the central seven-membered N-heterocycle exhibits the
most negative ESP values (deepest red regions), indicating
high local electron density and pronounced electron-
donating character. This electronic feature correlates with
elevated chemical reactivity and reduced structural
stability in the heterocyclic region, making it preferentially
susceptible to attack by reactive oxygen species (ROS).
Consequently, the C—N, C—C, and C=C bonds within this ring
are predicted as primary cleavage sites during oxidative
degradation.

This insight into mechanism can be further shown by DFT
analysis of frontier molecular orbitals (Figure 7b-c). The
Highest Occupied Molecular orbital (HOMO) is found to

exhibit a high concentration of electron density on the N-
heterocycle, mainly around the atom at position N23
(Figure 7b, blue/green lobes). These electron-rich areas
expose nucleophilic reaction or oxidation by electrophilic
radical species. On the other hand, the Lowest Unoccupied
Molecular Orbital (LUMO) remains electron-deficient
(Figure7c, brown lobes) at the benzene rings (mainly),
which imply electron attacks. These orbital distributions
patterns are consistent with the known hydroxylation
initiated ring opening at the heterocycle during
degradation.

HPLC-MS/MS was used to identify 14 major intermediates
that were generated in the process of degradation that
were identified as P1-P14 (Table S2) to further study the
mechanism of degradation of CBZ in the UV/N,Fe-CDs/PMS
system. According to these data, the suggested
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degradation pathway of CBZ included in Figure 8 oxidation,
hydroxylation, epoxidation and the cleavage of bonds. The
seven-membered azepine ring and adjacent aromatic rings
represent preferential sites for radical attack due to their
high electron density (Bu et al. 2018). In these areas,
epoxidation and hydroxylation vyield oxygenated
intermediates P1 and P2(Zhang et al. 2023). These results
are consistent with the DFT analysis and also, they verify
the important role of hydroxyl radicals (-OH) in CBZ
degradation. This finding is consistent with the DFT results
and confirms the vigorous electrophilicity of -OH on the
CBZ molecules. During further oxidation reactions, a
portion of the P2 was changed into the dihydroxy product
P3(Ding et al. 2017) and dehydrogenation product P4. The
OH group of P4 was further oxidized to carbonyl group and
this produced the amide structure P5, which serves as a
common intermediate in the CBZ degradation processes by
breaking it down through advanced oxidation processes
(AOPs). P5 was oxidized into P6 by the catalysis of ROS in
the later oxidation processes, and the carbonyl group was
splintered to produce the aldehydes and ketones of low
molecular weight (P7 and P8) (Liu et al. 2020). P3, in the
meantime, was oxidized to P9 with help of ring-opening
and then, by dehydroxylation and deamidation, into P12,
comprising of an acridinone backbone. The aza-structure of
P12 was further rearranged and decarboxylated under
strong oxidative conditions to form P13, a lower-
molecular-weight compound. Ultimately, P13 was oxidized
by singlet oxygen ('0,) to form P14(Ding et al. 2017). All
these intermediates are eventually mineralized into
harmless small molecules, such as CO, and H,O, under ROS-
induced deep mineralization, leading to the complete
removal of pollutants.

Figure 7. (a) molecular electrostatic potential diagram;(b-c)
Orbital potential difference diagram;(b) HOMO;(c) LOMO
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Figure9. (a) Bioaccumulative toxicity;(b) Daphnia magna LC50;(c)
Mutagenicity;(d) Developmental toxicity

3.3.5. Toxicity assessment

To further evaluate the ecological safety of the UV/N,Fe-
CDs/PMS system in the degradation of CBZ, the toxicity of
CBZ and its main intermediates was predicted using T.E.S.T.
software. The analyzed indexes included four aspects:
bioconcentration factor (BCF), acute toxicity (LC50),
mutagenicity, and growth and developmental toxicity in
Daphnia magna. The results are shown in Figure 9. In Figure
9a, the BCF value of CBZ was 26.63, indicating a medium
level of bioaccumulation. Most intermediates (e.g., P2, P3,
and P10) showed lower BCF values than CBZ (<20),
suggesting a reduced bioaccumulation risk. However,
certain products such as P8 (52.7) and P13 (136.41)
exhibited higher BCF values, warranting further attention
to their ecological risks, which may be attributed to the
increased presence of aromatic or carbonyl functional
groups. In Fig. 9b, the 48-hour LC50 of CBZ for Daphnia
magna was 3.56 mg/L, classifying it as “toxic.” After
degradation, the LC50 values of most intermediate
products significantly increased compared to CBZ. For
instance, P6 (21.42 mg/L) and P7 (18.07 mg/L) exhibited
low toxicity (>10 mg/L). Nevertheless, some intermediates
remained acutely toxic, including P1 (1.69 mg/L) and P4
(2.26 mg/L). In Figure 9c, CBZ was predicted to be
mutagenicity-positive, consistent with prior reports (Lu and
Hu 2019). Among the degradation products, P8 (0.68) and
P13 (0.72) maintained high mutagenicity, while
intermediates such as P2 (0.21) and P10 (0.26) displayed
mutagenic-negative or significantly reduced levels.
Regarding developmental toxicity, Figure 9d demonstrates
that the developmental toxicity index for CBZ was 0.79. The
toxicity levels of intermediates P13 and P8 were
significantly lower. In conclusion, the toxicity evaluation
indicates that CBZ can be effectively degraded into less
toxic products. However, some by-products still present
certain risks in terms of BCF and mutagenicity, possibly due
to the increased presence of aromatic or carbonyl
functional groups.

4. Conclusion

In conclusion, this study rationally designed nitrogen—iron

co-doped carbon dots (N,Fe-CDs) via a facile hydrothermal
route as a low-iron, UV-responsive catalyst for PMS
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activation. Characterization results show that the prepared
N, Fe-CDs exhibit near-spherical nanostructures with good
dispersion and typical graphitic carbon structure. Surface
analysis confirms enrichment with hydroxyl, carbonyl, Fe-
O, Fe-N, and Fe-OH bonds; these properties significantly
enhance the UV-visible light absorption capacity and
effectively promote photogenerated electron separation.
Experimentally, the UV/N,Fe-CDs/PMS system achieved a
86.2% degradation efficiency for CBZ under optimal
conditions within 20 min, representing a 2-5 fold
enhancement over individual systems. This high
degradation efficiency of 86.2% was maintained under a
wide pH range (3-9) and high pollutant loading (30 mg/L).
Cl~ and HCO;™ anions exerted an inhibitory effect on the
degradation system. Cations such as Mg?* and NH,*
promoted the preliminary removal of CBZ during the dark
reaction stage but exhibited a radical quenching effect
under light conditions. Humic acid (HA) exhibited low-
promotion and high-inhibition effect. The presence of four
reactive oxygen species (ROS) in the UV/N, Fe-CDs/PMS
system was also established by mechanistic studies: ¢OH,
SO4e~, 0,7, and '0,. Among them, ¢OH, SO4¢~, and «0,"
dominated the radical oxidation process, and '0, took part
in non-radical oxidation, which synergistically favored the
degradation of CBZ. Importantly, N,Fe-CDs coupled
photogenerated electrons with ligand-to-metal charge
transfer (LMCT) to accelerate surface Fe(lll)/Fe(ll) cycling,
thereby sustaining PMS activation under mildly acidic to
neutral conditions. HPLC-MS/MS analysis identified 14 key
degradation intermediates. Combined with density-
functional theory (DFT) calculations, it was revealed that
hydroxylation, ring-opening, and dehydrogenation
reactions preferentially occur at the seven-membered
azacyclic ring of CBZ. T.E.S.T toxicity prediction indicated
that the system effectively degrades CBZ into less toxic
products.
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Supporting Information

Text S1. Detection of Fe(ll)

In this study, we refer to the method of the Chinese
national standard “Water quality - Determination of iron -
o-phenanthroline spectrophotometric method (for trial
use)” (HJ/T 345-2007), which was used to monitor the
concentration of Fe(ll) and its dynamic changes in the
reaction system(Guo et al., 2013). The specific
experimental steps are as follows:

Table S1. HPLC-MS/MS gradient elution procedure

YU et al.

First, the standard iron solution was transferred into a
conical flask, and ultrapure water, 1 mL of hydrochloric acid
(VHCI/VH,0=1/3 by volume), and 1 mL of 10%
hydroxylamine hydrochloride were added, mixed, and then
heated and concentrated to approximately 15 mL. The
concentrated solution was then transferred to a 50 mL
cuvette containing Congo red indicator, and saturated
sodium acetate was added dropwise until the test paper
turned red to adjust the acidity. Next, 2.5 mL of buffer
solution and 1 mL of 0.5% o-phenanthroline solution were
added sequentially, and the final volume was made up to
25 mL with ultrapure water to develop the color. The
absorbance was measured at 510 nm to establish the
standard curve of Fe(ll). The detection range of this method
was 0.02-5.00 mg/L, and the fitted correlation coefficient
R? was more than 0.999. The fitted equation is shown in Eq.
S1.

During the analysis of the samples, 0.5 mL of reaction
solution was taken from the degradation system at
different time points and filtered through a 0.22 um nylon
membrane to remove the particles, then 2.5 mL of acetic
acid/ammonium acetate buffer and 1 mL of 0.5% o-
phenanthroline were added to the filtrate and the solution
was fixed to 25 mL, and then mixed thoroughly and
analyzed by colorimetric analysis. The resulting absorbance
was used to calculate the actual concentration of Fe(ll) in
the solution. The amount of photogenerated Fe(ll) was
calculated from the difference in concentration between
the experimental group (UV irradiation) and the control
group (dark treatment).

Y =(x—0.000697952)/0.13195 Eq.S1

Text S2. Detailed assay conditions for HPLC-MS/MS analysis

The degradation intermediates of CBZ were characterized
by an Agilent 1100 HPLC system coupled with a Thermo
TSQ AQuantum Ultra AM triple quadrupole mass
spectrometer (HPLC-MS/MS).

The chromatographic conditions were as follows:
chromatographic column: welch Xtimate C18 (2.1x100
mm, 3 um); testing temperature: 22°C; injection volume:
2.0 pul; UV detection wavelengths: 254 nm and 275 nm; the
mobile phases consisted of A: 0.1% formic acid in water and
B acetonitrile; the flow rate was 0.5 mL/min. The mass
spectrometry (MS) conditions were as follows: HESI Il lon
Source, positive mode. Scanning range: 50-550 M/z.

Time(min) B%
0 2

8 94

10.50 94
10.51 2

Table S2. Transformation products of CBZ in UV/N,Fe-CDs/PMS system.

Product number Time(min) m/z

Pseudo-molecular formula

Structural formula

CBZ 5.60 237

OO

A

07 “NH,

CisH12N20
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Figure S1. (a-b) TEM images Fof N,Fe-CDs; (c) HR-TEM image of N,Fe-CDs; (d) Particle size distribution of N,Fe-CDs;
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