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A B S T R A C T

Persistent organic pollutants (POPs) such as bisphenol A (BPA) pose serious environmental and health threats 
due to their stability and resistance to conventional treatments. To address this challenge, developing catalysts 
that enable simultaneous adsorption and catalytic degradation represents a reliable strategy. In this study, a Fe 
and N co-doped biochar (Fe@N − SBC) with dual adsorption and catalytic capabilities was synthesized via a 
simple pyrolysis method using sewage sludge as a precursor, offering a sustainable route for waste sludge into 
high-value catalysts and aiming for the efficient removal of Bisphenol A (BPA). The material achieved rapid BPA 
removal (96.1 % within 60 min) through a synergistic adsorption–activation mechanism. Mechanistic analyses 
confirmed that π–π electron donor–acceptor (EDA) interactions, electrostatic interactions, hydrogen bonding and 
surface complexation governed adsorption, while Fe(II)/Fe(III) redox cycling, as well as the presence of Fe–Nx, 
pyridinic N and C=O functional groups, played a crucial role in PI activation. Both radical (RIS and •OH) and 
non-radical (1O2) species were identified as the main contributors. Theoretical analyses revealed that the 
adsorption process confined BPA near Fe@N–SBC active sites, shortening the reaction pathway between reactive 
species and the pollutant. Meanwhile, Fe@N − SBC prolonged the I − O bond of PI and enhanced interfacial 
electron transfer, thus improving the generation of reactive species through both radical and non-radical path
ways. This study not only provides new mechanistic insights into PI activation but also highlights the potential of 
waste-derived biochar as sustainable catalysts for wastewater treatment.

1. Introduction

Bisphenol A (BPA) is a typical endocrine-disrupting compound 
(EDC), which is widely detected in various aquatic environments due to 
its extensive use in polycarbonate plastics and epoxy resins [1,2]. Re
ports have shown that BPA concentrations in surface waters have 
reached 50–80 μ g/L in several countries, while levels exceeding 200 
μg/L have been reported in groundwater [3]. BPA has been detected in 
human blood and other body fluids, with concentrations exceeding 
thresholds known to trigger adverse biological effects [4]. Wastewater 
from certain industrial facilities, particularly paper manufacturing 
plants, has been identified as a major source of BPA, with concentrations 
far exceeding typical environmental levels and exhibiting strong resis
tance to conventional treatment methods. Given its persistence, bio
accumulation potential, and endocrine-disrupting effects, the 

development of advanced catalytic materials for effective BPA removal 
is necessary. Various treatment approaches–including physical adsorp
tion [5], biological treatment [6] and chemical oxidation [7] have been 
explored for BPA removal. However, these methods often face limita
tions such as low efficiency, high cost and the generation of secondary 
pollutants [8].

Advanced Oxidation Processes (AOPs) have attracted significant 
attention as effective technologies for the degradation of toxic and 
organic pollutants, owing to their high mineralization efficiency, mild 
reaction conditions and operational simplicity [9]. Among various 
AOPs, periodate (PI) − based systems have emerged as a promising 
method for the degradation of BPA [10]. PI is a solid oxidant with a high 
oxidation potential (+1.60 V) and exhibits good stability, making it 
convenient for storage and transport [11], thereby minimizing handling 
risks during application. It’s noting that the I − O bond length in PI (1.78 
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Å) is longer than the O − O bond lengths in PMS (1.45 Å), PDS (1.49 Å), 
and H2O2 (1.44 Å), indicating that the I − O bond in PI is more easily 
cleaved upon activation to form reactive species [12]. It has been 
demonstrated that PI can be effectively activated to produce highly 
oxidizing reactive oxygen/iodine species (ROS/RIS) under specific 
conditions such as light [13], ultrasound [14], alkali [15], transition 
metals [16] and carbon materials [17]. Additionally, non-radical path
ways, including singlet oxygen (1O2), high-valent metal species and 
electron transfer, also occurred in the PI activation system [18]. 
Therefore, the search for low-cost, easily recoverable and environmen
tally friendly PI activators remains a central challenge.

The increasing volume of sewage sludge generated by urban waste
water treatment plants poses a significant environmental challenge, 
primarily due to its potential for secondary pollution and the high 
disposal costs associated with it. Traditional disposal methods, such as 
landfilling and incineration, not only exacerbate environmental pollu
tion but also fail to exploit the resource potential of sewage sludge. In 
recent years, the pyrolysis of sewage sludge into biochar has emerged as 
a promising approach for both sludge reduction and resource recovery. 
Biochar, with its high surface area, porous structure and abundance of 
functional groups, has been widely used as an adsorbent and catalyst. 
Studies demonstrated that biochar can activate periodate (PI), and that 
its catalytic performance and selectivity toward organic contaminants 
can be modulated by the pyrolysis temperature. In addition, studies have 
shown that co − doping of transition metals and nitrogen (N) can alter 
the electron structure of carbon materials, which enhances the electron 
− donating capability and facilitates the non − radical mechanism for 
oxidizing organic contaminants [19]. Both radical and non − radical 
pathways of PI activation are attributed to the facilitation provided by 
Fe and N co − doped carbon materials [20]. The adsorption mechanisms 
of biochar for organic pollutants mainly include hydrogen bonding, 
electrostatic interactions, π-π interactions and surface complexation 
[21]. For instance, there have been studies that synthesized a novel 
Fe–Mg co-modified water hyacinth-based biochar using a co- 
modification process, which exhibited an adsorption capacity 15.34 
times greater than that of unmodified biochar for the removal of imi
dacloprid from water. However, relying solely on adsorption raises 
concerns regarding secondary pollution and the difficulty of material 
regeneration [22]. The introduction of PI significantly enhances the 
degradation efficiency by generating reactive species through catalytic 
activation. Compared with free pollutants in water, organic molecules 
adsorbed on the catalyst surface have a shorter diffusion path to the 
active sites, facilitating more effective degradation. However, most 
existing studies focus either on adsorption or on catalytic degradation, 
overlooking their possible synergy. In addition, the mechanistic under
standing of how adsorption influences catalytic PI activation remains 
limited, such as through confining pollutants at active sites to shorten 
the reaction pathway and alter the electronic structure of PI (prolonging 
the I − O bond) to enhance interfacial electron transfer. Additionally, 
the synthesis of co − doped carbon materials often involves high costs 
and involves complex processes. Therefore, it is essential to utilize waste 
resources such as sewage sludge as raw materials to develop low-cost 
carbon materials doped with Fe and N, evaluating their adsorption 
performance and PI activation efficiency.

In this study, Fe and N co − doped sludge − based biochar (Fe@N −
SBC) was synthesized from sewage sludge through a simple one − step 
pyrolysis process. The main objectives were (1) to evaluate the 
adsorption and catalytic performance of Fe@N-SBC through the removal 
efficiency of BPA; (2) to investigate the degradation kinetics and the 
effects of key reaction parameters; (3) to identify the active sites of 
Fe@N − SBC and the RIS/ROS involved in the Fe@N − SBC/PI system. 
and (4) to elucidate the adsorption and degradation mechanisms of BPA 
in the Fe@N − SBC/PI system.

2. Materials and methods

2.1. Reagents and catalyst preparation

All reagents are shown in Text S1. Fe@N-SBC was prepared using 
sewage sludge as a precursor. Specifically, 50 g of dewatered sludge was 
mixed with FeSO4⋅7H2O and NH4Cl at different Fe/N mass ratios, 
including 2:1 (3.0 g FeSO4⋅7H2O and 1.5 g NH4Cl), 1:1 (1.5 g FeS
O4⋅7H2O and 1.5 g NH4Cl), and 1:2 (1.5 g FeSO4⋅7H2O and 3.0 g NH4Cl) 
in 100 mL of deionized (DI) water. The mixture was stirred for 12 h to 
ensure homogeneity, then dried at 105 ◦C overnight. The dried solid was 
ground and sieved (100 mesh, <0.074 mm), then pyrolyzed in a tubular 
furnace at 550 − 950 ◦C for 2 h under N2 (200 mL min− 1) with a heating 
rate of 10 ◦C min− 1. The obtained biochar was washed with DI water and 
ethanol, then dried at 60 ◦C to yield Fe@N − SBC. Control samples (SBC, 
N − SBC, Fe − SBC) were synthesized by omitting FeSO4⋅7H2O, NH4Cl, 
or both.

2.2. Catalytic degradation experiments

Unless otherwise stated, all degradation experiments were conduct
ed in 100 mL beakers at 25 ± 2◦C. BPA stock solution (100 mg L− 1) was 
diluted to desired concentrations using DI water. The catalyst dosage 
was 0.40 g L− 1, and the solution was stirred at 350 rpm. After 30 min of 
adsorption, 0.5 mM PI was added to initiate the catalytic reaction. At 
specified intervals, 1 mL samples were taken, filtered (0.22 μm PTFE), 
and quenched with 100 μM Na2S2O3 (0.1 M). Each experimental con
dition was performed three times, and the values reported represent the 
mean results with corresponding standard deviations shown as error 
bars. Other experimental procedures are shown in Text S2. Materials 
Characterization methods were shown in Text S3.

2.3. Analytical methods

The concentrations of BPA, 2-Iodophenol (2-IP), 4-Iodophenol (4-IP) 
and iodine-containing anions (IO4

− , IO3
− and I− ) and iodinated byprod

ucts (HOI) were determined using high-performance liquid chroma
tography (HPLC, Agilent 1260) equipped with a C18 reverse-phase 
column and UV detector. I2 and I3− formation was assessed via a starch- 
based colorimetric method. Degradation intermediates of BPA were 
identified using ultra-high-performance liquid chromatography-mass 
spectrometry (UPLC-MS), while their ecological toxicity was predicted 
using the Toxicity Estimation Software Tool (T.E.S.T.). Reactive oxygen 
species (ROS), including •OH, O2

•− and 1O2, were detected by electron 
paramagnetic resonance (EPR, Bruker A300) using DMPO and TEMP as 
spin-trapping agents. Electrochemical properties of the catalyst were 
evaluated with a CHI 760E workstation under a three-electrode system. 
Additionally, total organic carbon (TOC) analysis and pH measurements 
were conducted to assess mineralization efficiency and reaction condi
tions. Detailed experimental procedures and instrumental parameters 
are provided in Text S4 and Table S1.

2.4. Theoretical calculations

Density functional theory (DFT) calculations were performed using 
both Gaussian 16 and VASP packages, with geometry optimizations and 
energy calculations carried out under detailed settings as described in 
Text S5.

3. Results and discussion

3.1. Characterization of the catalysts

The morphology, structural characteristics and elemental composi
tion of Fe@N − SBC were comprehensively analyzed using scanning 
electron microscope (SEM) and energy-dispersive X-ray spectrometer 
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(EDS) mapping to investigate its surface features and elemental distri
bution. Fe@N − SBC exhibited a rough and uneven porous structure, 
with irregular sheets and lumpy structures dispersed on the carbon 
matrix surface (Fig. 1a-b), which were identified as iron oxides. EDS 
mapping confirmed the uniform distribution of C, N, O and Fe elements 
throughout the Fe@N − SBC (Fig. 1c-f). In contrast, the surface of SBC 
(Fig. 1 g-h) appeared more compact and smoother. Although N and Fe 
elements were also detected in the EDS mapping of SBC, their contents 
were significantly lower than those in Fe@N − SBC, indicating that the 
Fe and N in the catalyst mainly originated from the added FeSO4⋅7H2O 
and NH4Cl (Fig. 1i-l and Table S2-3).

According to the IUPAC classification, the N2 adsorption–desorption 
isotherms of the Fe@N − SBC and SBC exhibited typical IV isotherms, 
indicating that their pore structures are predominantly mesopores 
(Fig. 1m and Fig. S1) [23]. As shown in Table S4, the specific surface 
area of Fe@N-SBC-850 (118.04 m2 g− 1) was slightly lower than that of 
SBC (121.80 m2 g− 1). This phenomenon might be the consumption of 
carbon material during Fe loading, which reduces the specific surface 
area [24]. The pore size distribution curves indicated that Fe@N − SBC 
had a higher pore distribution and a larger average pore diameter (7.03 
nm) compared to SBC (5.79 nm). A high specific surface area combined 
with an abundant pore structure facilitates the adsorption of PI and BPA 
molecules, enhances the utilization of active sites and accelerates mass 
transfer, thereby improving the overall catalytic performance.

XRD was conducted to analyze the crystallographic structures of the 

different biochar − derived catalysts. As shown in Fig. 1n, all derived 
materials exhibit characteristic diffraction peaks at 26.71◦ and 44.29◦, 
corresponding to the (0 0 2) and (1 0 1) planes of graphitic carbon 
(PDF#99-0057) after pyrolysis [25]. Notably, the additional diffraction 
peaks at 16.55◦ (1 0 0), 28.02◦ (1 1 0), 33.80◦ (2 0 0), 40.91◦ (0 1 1), 
42.95◦ (1 2 0) and 47.38◦ (1 1 − 1) were observed, indicating the 
generation of C3N4 (PDF#87-1523) due to N doping [26]. Moreover, the 
diffraction peaks at 20.86◦, 30.02◦, 33.82◦, 43.60◦, 52.98◦, 54.18◦ were 
assigned to (1 0 5), (0 0 12), (1 1 6), (2 0 10), (3 0 0), and (2 0 16) crystal 
planes of Fe2O3 (PDF#40-1139) [27]. Extra reflection peaks at 35.33◦ (3 
1 1), 43.60◦ (4 0 0), 47.38◦ (3 3 1), 52.98◦ (4 2 2), 70.92◦ (6 2 0) and 
73.92◦ (5 3 3) corresponding to Fe3O4 were observed (PDF#72-2303), 
suggesting that the Fe in Fe@N − SBC were transformed into Fe2O3 and 
Fe3O4 during pyrolysis, which was consistent with previous findings 
[28,29]. It was observed that the intensity of the graphitic carbon peaks 
in SBC was stronger than that in Fe@N − SBC, indicating that the co −
doping of Fe and N decreased the graphitization of the biochar.

Raman spectra results (Fig. 1O) further confirmed this observation. 
The Fe@N − SBC (1.21) sample exhibited a higher intensity ratio of the 
D and G bands (ID/IG) compared to SBC (1.10), indicating a greater 
defect density and lower graphitization degree [30]. The higher ID/IG 
value of Fe@N − SBC indicated that its defect density and graphitization 
degree were high, which may enhance catalytic performance [31]. The 
ID/IG decreased for used Fe@N − SBC (1.10) after the reaction, implying 
a potential decline in catalytic performance.

Fig. 1. (a-b) SEM micrographs of Fe@N − SBC, (c-f) EDS-mapping of Fe@N − SBC, (g-h) SEM micrographs of Fe@N − SBC, (i-l) EDS-mapping of Fe@N − SBC, (m) 
N2 adsorption–desorption isotherms of Fe@N − SBC. The inset: pore size distribution, (n) XRD pattern of Fe@N − SBC, (o) Raman spectra of SBC, fresh Fe@N − SBC 
and used Fe@N − SBC.
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FTIR spectroscopies were performed to detect surface functional 
groups of SBC, fresh Fe@N − SBC and used Fe@N − SBC (Fig. 2a). All 
samples exhibited broad absorption peaks at 3365 cm− 1, corresponding 
to the –OH group [32]. Notably, the − OH stretching vibration in used 
Fe@N − SBC was suppressed, which may indicate the formation of 
hydrogen bonds between the − OH groups on BPA and the hydroxyl 
groups on the carbon material surface (discussed in Section 3.4) [33]. 
Furthermore, the peak at 1574 cm− 1 was attributed to C=C, while the 
signal peak at 1106 cm− 1 corresponded to C − O − C/C=O [34–36]. In 
Fe@N − SBC, two prominent peaks at 912 cm− 1 and 568 cm− 1 were 
assigned to C − N and Fe − O vibrations [37]. This confirms the suc
cessful preparation of the Fe@N − SBC catalyst. It is worth noting that 
the weak signal peak at 416 cm− 1 corresponds to Fe − N in Fe@N − SBC 
[38]. However, this peak became very weak in used Fe@N − SBC, 
indicating that Fe − N might be a potential site of the activated PI.

Fig. 2b shows the XPS full-scan spectrum of Fe@N − SBC, revealing 
the surface elemental composition and chemical states. Characteristic 
peaks corresponding to C 1 s, O 1 s, N 1 s and Fe 2p were observed. The 
relative elemental contents of C, N, O and Fe in Fe@N − SBC were 46.51 
%, 3.69 %, 48.54 % and 1.25 %, respectively (Table S5). Notably, no 
significant changes in elemental types or contents were observed before 
and after the degradation reaction, indicating the structural stability of 
Fe@N − SBC (Table S6). Fig. 2c-f show the high − resolution spectra of C 
1 s, N 1 s, O 1 s and Fe 2p. Typical C 1 s XPS spectrum (Fig. 2c) of Fe@N 
− SBC exhibited three peaks at 284.80 eV, 285.79 eV and 288.70 eV, 
corresponding to C–C/C=C, C–N/C–O and C=O, respectively [39–41]. 
The dominant peak at 284.80 eV corresponds to sp2 carbon, indicating 
that graphite C is the main component on the surface of Fe@N − SBC. 
The high-resolution O 1 s spectra (Fig. 2d) were split into four distinct 
peaks, corresponding to Fe − O (532.10 eV), C = O (531.28 eV), C − O 
(532.10 eV) and –OH (533.37 eV) [22,42,43].

The N 1 s XPS spectrum (Fig. 2e) of Fe@N − SBC was deconvolved 
into five characteristic peaks at 397.84 eV, 398.59 eV, 399.44 eV, 
400.95 eV, 403.24 eV, corresponding to pyridinic N, pyrrole N, Fe − Nx, 
graphitic N and oxide N, respectively [25,39]. Studies have shown that 
pyridine N can form metal − N coordination structures with metal atoms 
due to the abundant coordination groups [44]. The high-resolution Fe 
2p spectrum (Fig. 2f) was used to identify the valence states of Fe species 
in Fe@N − SBC. Peaks at 711.00 eV and 724.22 eV corresponded to Fe 
2p3/2 and Fe 2p1/2, respectively, with satellite peaks at 719.59 eV and 
732.95 eV, which were indexed to Fe(III) [45–47]. The binding energy 

peaks at 714.69 eV and 727.84 eV were attributed to Fe(II) 2p1/2 of Fe 
(II) and its satellite peak, indicating the existence of Fe2+ species in 
Fe@N − SBC [48]. The Fe 2p spectrum confirmed the co − existence of 
the Fe2O3 and Fe3O4 phases in the Fe@N − SBC catalyst. It was reported 
that Fe(II) and Fe(III) can coordinate with pyridine N to form Fe − Nx 
species in the catalyst [49]. Comparison with the XPS full-scan spectrum 
of SBC further indicates that external Fe and N doping is essential to 
enrich active sites and enhance PI activation (Text S6 and Table S7). 
Overall, the comprehensive characterization confirmed that the syn
thesized Fe@N − SBC had been inspected and was suitable for subse
quent degradation experiments.

3.2. Adsorption and catalytic activity of Fe@N − SBC and coexisting 
matters effect

The adsorption performance of the material was first evaluated. The 
adsorption capacity at different BPA concentrations is measured to 
survey the adsorption property of Fe@N − SBC for BPA, as shown in 
Fig. 3a. The adsorption capacity increased with rising BPA concentra
tion, reaching a maximum theoretical adsorption capacity of 61.0 mg 
g− 1 determined for Fe@N − SBC, which is approximate to the actual 
value (46.5 mg g− 1). Fig. 3b illustrates the time-dependent adsorption 
behavior of BPA onto Fe@N − SBC. In the initial 30 min, the adsorption 
of BPA proceeded rapidly and eventually reached equilibrium due to the 
saturation of binding sites. In addition, fitting results from adsorption 
isotherms and kinetic models indicated that BPA adsorption on Fe@N −
SBC followed a chemical monolayer process (Text S7 and Fig. S19-20). 
To determine the optimal dosage of FeSO4⋅7H2O and NH4Cl, the BPA 
removal efficiency of catalysts prepared with different Fe/N mass ratios 
was evaluated (Fig. S2). In the Fe@N − SBC2:1/PI system, Fe@N −
SBC1:1/PI system and the Fe@N − SBC1:2/PI system, the BPA removal 
efficiencies were 96.1 %, 81.6 % and 86.0 %, with corresponding rate 
constants of 0.059 min− 1, 0.031 min− 1 and 0.035 min− 1. Therefore, 
Fe@N − SBC2:1 was identified as the optimal catalyst (hereafter referred 
to as Fe@N − SBC). The lower removal efficiencies of other Fe/N ratios 
could be ascribed to alterations in surface functional groups and the 
distribution of active sites. The pyrolysis temperature significantly in
fluences the catalyst’s structure, including functional groups, metal 
sites, and defect levels [49]. Therefore, the BPA removal efficiency of 
catalysts prepared at different calcination temperatures was evaluated 
(Fig. 3c). During the adsorption phase, the BPA adsorption capacity of 

Fig. 2. (a) FTIR spectroscopies of SBC, fresh Fe@N − SBC and used Fe@N − SBC, (b) XPS full − scan spectrum of Fe@N − SBC includes (c) C 1 s, (d) O 1 s, (e) N 1 s 
and (f) Fe 2p.
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Fe@N − SBC increased with rising pyrolysis temperature, likely attrib
uted to the higher annealing temperature, enhanced the specific surface 
area and pore distribution of the carbon material while promoting the 
formation of dominant active sites for BPA adsorption [41]. After adding 
PI to trigger the degradation reaction, BPA degradation was improved as 
the annealing temperature increased from 550 ◦C to 850 ◦C. However, 
further increasing the temperature to 950 ◦C resulted in a decreased 
removal efficiency (85.1 %). This was because excessively high pyrolysis 
temperatures can disrupt active sites and reduce the degree of defects 
[50]. In addition, the k values of Fe@N − SBC at different annealing 
temperatures throughout the reaction stages are as follows: 550 ◦C 
(0.005 min− 1) < 650 ◦C (0.009 min− 1) < 750 ◦C (0.022 min− 1) < 950 ◦C 
(0.031 min− 1) < 850 ◦C (0.059 min− 1). Therefore, Fe@N − SBC pyro
lyzed at 850 ◦C was selected as the optimal catalyst for further 
investigation.

To evaluate the performance of Fe@N − SBC in BPA removal, a series 
of control experiments were conducted, including PI alone, SBC/PI, N −
SBC/PI, Fe − SBC/PI, Fe@N − SBC alone and Fe@N − SBC/PI. To 
distinguish the adsorption process from the catalytic degradation, a 30- 
minute pre − adsorption was conducted to achieve adsorption equilib
rium. The control experiment using Fe@N − SBC alone demonstrated 
that adsorption equilibrium was reached within 30 min, and adsorption 
removal of BPA was 49.7 % (Fig. 3d). The degradation efficiency of BPA 
in the process using PI alone was only 3.1 % within 30 min, due to the 
low oxidation potential of IO4

− . Surprisingly, the coupling of Fe@N −

SBC with PI exhibited the highest removal efficiency (96.1 %) of BPA 
among all the tested biochar. The k value of Fe@N − SBC was approx
imately 3.3, 3.1 and 59.0 times greater than those of Fe − SBC, N − SBC 
and SBC, respectively. These results showed that Fe − modified and N −
doped significantly enhance activation performance. During the cata
lytic process, the decomposition rates of PI by Fe@N − SBC, Fe − SBC, N 
− SBC, SBC and PI alone were 70.6 %, 19.0 %, 29.7 %, 12.8 % and 1.7 %, 
respectively, demonstrating the excellent catalytic performance of 
Fe@N − SBC. Moreover, no BPA was desorbed after the reaction, indi
cating that the BPA adsorbed on Fe@N − SBC was completely degraded 
(Fig. S3). In addition, optimization experiments were conducted for the 
Fe@N − SBC/PI system, including catalyst and PI dosages, BPA con
centration, and reaction temperature (Text S7 and Fig. S21). The 
optimal reaction conditions were determined to be [Fe@N − SBC] = 0.4 
g L− 1, [BPA] = 20 mg L− 1, [PI] = 0.5 mM and T = 25 ◦C. It is worth 
noting that although environmental BPA concentrations typically range 
from ng L− 1 to μg L− 1, laboratory studies commonly use higher con
centrations to clearly monitor degradation kinetics and catalyst perfor
mance. Additionally, this concentration is significant for evaluating 
potential treatment options in emergency leakage scenarios or in regions 
where strict BPA regulations are lacking.

It was well known that initial pH is an essential factor influencing 
both pollutant degradation rate and catalyst performance. Hence, con
trol experiments were conducted over a pH range of 3.0 to 11.0 to 
evaluate changes in removal efficiency and catalyst performance in the 

qe

Ce

qt

k

k k

Fig. 3. (a) Adsorption isotherm and (b) time-dependent adsorption for BPA adsorption on Fe@N − SBC, effect on (c) different pyrolysis temperatures, (d) various 
systems and (e) initial pH on BPA removal (insert: pseudo-first order rate constants for BPA removal in different reaction conditions), effect of different concen
trations of (f) HCO3

− and (g) CO3
2− on BPA removal in the Fe@N − SBC/PI system, the variation of pH during the reaction after the addition of different concentrations 

of (h) bicarbonate and (i) carbonate (reaction conditions: [catalyst] = 0.4 g L− 1, [BPA] = 20 mg L− 1, [PI] = 0.5 mM, T = 25℃, initial pH = 7.0).
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Fe@N − SBC/PI systems. Fig. 3e suggests that the removal rate of BPA 
remained above 90 % across pH values from 3.0 to 9.0. Moreover, a 
similar k was observed at pH = 3 (0.064 min− 1), 5 (0.059 min− 1) and 7 
(0.059 min− 1) and 9 (0.046 min− 1). It is worth noting that the removal 
rate of BPA significantly decreased to 65.9 % at pH 11.0, much lower 
than those observed at pH values between 3.0 and 9.0. This decline can 
be attributed to two main factors. First, the high reduction potential of 
IO4

− /IO3
− (IO4

− /IO3
− = 1.298 V) will convert to its dimerized form, 

H3IO6
2− , which has a lower reduction potential (H3IO6

2− /IO3
− = 0.686 V) 

[38]. Second, BPA may deprotonate in a basic environment, which 
causes electrostatic repulsion between the contaminant and Fe@N −
SBC (discussed in Section 3.4).

Studies have shown that the addition of CO3
2− /HCO3

− can rapidly 
increase solution pH, making it more alkaline [51]. As shown in Fig. 3f- 
g, the BPA removal rate decreased from 98.1 % to 80.6 % as the con
centration of CO3

2− in the solution increased from 1 mM to 500 mM; and 
when the HCO3

− concentration was increased from 1 mM to 500 mM, the 
BPA removal rate decreased to 92.9 %. To verify their influence on pH, 
the changes in pH of BPA solutions with different concentrations of 
CO3

2− and HCO3
− were measured (Fig. 3 h-i). Obviously, after the addi

tion of CO3
2− and HCO3

− , the solution pH rapidly shifted to alkaline. In 
addition, CO3

2− and HCO3
− may inhibit the formation of 1O2, thereby 

reducing the pollutant removal efficiency [52]. Furthermore, a series of 
condition optimizations were conducted, including catalyst and PI 
dosages, BPA concentration and temperature (Text S8). 0.4 g L− 1 Fe@N 
− SBC with 0.5 mM PI at 25℃ was selected as the optimal condition. 
Other common coexisting anions (SO4

2− , H2PO4
− , Cl− and HA) exhibited 

only minor inhibitory effects on BPA removal (Text S9 and Fig. S22).

3.3. Mechanistic insights into BPA degradation and possible PI activation 
pathway

Previous studies suggested that multiple reactive species, including 
ROS (hydroxyl radicals (•OH), superoxide radicals (O2

•− ), singlet oxygen 
(1O2) and RIS (IO3

• and IO4
•), contribute to pollutant degradation in PI 

oxidation systems. Quenching experiments were conducted to elucidate 
their roles in BPA degradation and potential PI activation pathways 
[53]. MeOH and TBA (k = (3.8–7.6) × 108 mol L− 1s− 1) can be an •OH 
quencher [54]. The results showed that the inhibitory effects of 500 mM 

MeOH and TBA on BPA degradation were minimal, suggesting that •OH 
is not the primary reactive species (Fig. 4, S4 and S5 a-b). FFA was 
applied as a quenching agent for 1O2 with k = 1.2 × 108 M− 1s− 1 [55]. 
Surprisingly, FFA significantly inhibits the degradation of BPA from 100 
% to 69.2 % (Fig. 4b), reducing k to 0.021 min− 1 (with 20 mM FFA), 
which was lower than 0.059 min− 1 (without scavenger), suggesting that 
1O2 may be one of the main oxidizing species (Fig. S5d). Nevertheless, it 
is important to note that FFA tends to consume PI through direct elec
tron transfer [56]. To investigate the reason for the inhibited BPA 
degradation efficiency after the addition of the FFA scavenger, the PI −
only system was implemented to verify whether the decrease in degra
dation rate was caused by the direct consumption of PI by FFA (Fig. S6). 
The results showed that PI was not degraded in the presence of FFA at 
different concentrations, supporting the generation of 1O2 in the Fe@N 
− SBC/PI system. Phenol has been reported to quench IO3

• [57]. Its 
presence can be indirectly confirmed through scavenging experiments. 
About 31 % of BPA removal was suppressed with the addition of phenol, 
indicating the contribution of IO3

• to BPA removal (Fig. 4c). According to 
previous studies, 2,4,6 − TCP cannot be removed by IO3

• [58]. Using 
2,4,6 − TCP as the target contaminant, the degradation efficiency in the 
Fe@N − SBC/PI system was 99.6 %, further confirming the presence of 
other active species in the system (•OH and 1O2) (Fig. S7). In addition, 
quenching experiments with p-BQ and DMSO excluded the contribu
tions of O2

•− and high-valent Fe species, respectively (Text S10 and 
Fig. S23). Furthermore, the contribution of active species to BPA 
degradation in Fe@N − SBC/PI system was quantified (Table S8-9). The 
calculation showed that the contribution of •OH, IO3

• and IO3
• to the 

degradation of BPA were 14.4 %, 50.3 %, and 35.3 %.
EPR spectroscopy was performed using DMPO and TEMP as trapping 

agents to verify the generation of reactive oxidizing species. As ex
pected, no obvious characteristic peaks were observed in DMPO/PI, 
DMPO/Fe@N − SBC, TEMP/PI, or TEMP/Fe@N − SBC, proving that 
neither PI nor SBC alone could generate ROS. Unlike previous studies, no 
characteristic signals of DMPO− •OH adduct (with the hyperfine split
ting of 1:2:2:1) were detected, implying an apparent absence of •OH. 
However, quenching experiments had confirmed the contribution of 
•OH in the BPA degradation process, which contradicts the results of the 
EPR experiments. A characteristic signal with hyperfine splitting of 
1:2:1:2:1:2:1 was observed when DMPO was used as the trapping agent, 

Fig. 4. Effect of different concentrations of quenchers on BPA degradation in the Fe@N − SBC/PI system: (a) MeOH, (b) FFA and (c) phenol, EPR spectra of (d) 
DMPO− •OH, (e) DMPO − O2

•− and (f) TEMP− 1O2 (reaction conditions: [catalyst] = 0.4 g L− 1, [BPA] = 20 mg L− 1, [PI] = 0.5 mM, T = 25℃, initial pH = 7.0).
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which corresponds to the signature signal of 5,5 − dimethyl − 1 −
pyrrolidone − 2 − oxyl (DMPOX) (Fig. 4d) [59].

Previous studies showed that DMPOX adducts can be generated 
through direct reaction with 1O2 and a mediated electron transfer pro
cess [60]. To evaluate the role of electron transfer in DMPOX formation, 
electrochemical experiments were conducted (Text S11 and Fig. S24b). 
The results revealed minimal current change after the addition of PI to 
the Fe@N − SBC/PI system, confirming that 1O2 directly reacted to form 
the DMPOX adduct. To further verify •OH generation, the EPR spectra of 
the DMPO/Fe@N − SBC/PI system were monitored in the presence of 
20 mM FFA. A strong signal with hyperfine splitting of 1:2:2:1 appeared, 
corresponding to the DMPO− •OH adduct (Fig. S8). As shown in Fig. 4e, 
the EPR spectra related to DMPO − O2

•− (with the hyperfine splitting of 
1:1:1:1) are detected [61]. Considering its lower redox potential (E0 

(O2
•− /O2) = − 0.33 V) and the results from quenching experiments, O2

•−

is likely an intermediate that transforms into other reactive species [62]. 
Moreover, the particular spectrum (with the hyperfine splitting of 1:1:1) 
can be observed, which was the characteristic signal of the TEMP-1O2 
adduct (Fig. 4f) [63]. The discussion of the quenching and EPR experi
mental results suggested that 1O2 and IO3

• played a leading role in BPA 
removal, followed by •OH.

3.4. Evolution mechanism

All the above data indicated that the Fe@N − SBC/PI system 
removed BPA through both adsorption and catalytic processes. 
Regarding adsorption, Text S12 elucidated that electrostatic interaction, 
π–π electron donor–acceptor (EDA) interaction, hydrogen bonding and 
surface complexation synergistically governed the adsorption process. 
Specifically, electrostatic repulsion under alkaline conditions, enhanced 
π–π EDA interaction due to graphitization, increased − OH content 

promoting hydrogen bonding and Fe–O coordination indicating surface 
complexation collectively contributed to adsorption of BPA (Fig. 5a–e 
and S25-S26). Adsorption isotherms and kinetic fitting indicate that 
surface complexation and π–π EDA interactions are the predominant 
adsorption mechanisms (Text S7).

In terms of catalytic removal, XPS spectra of used Fe@N − SBC were 
analyzed to investigate active sites and underlying catalytic mecha
nisms. Studies have shown that the transformation of C=C bonds into C 
− O/C − N bonds was considered to activate PI [64]. The proportion of 
C=C bonds decreased from 59.3 % to 55.9 %, while the proportion of C 
− O/C − N bonds increased from 40.7 % to 44.1 % after the reaction, 
indicating that a catalytic reaction involving C=C bond cleavage and C 
− O/C − N bond formation occurred. Moreover, the ratio of C=O 
decreased from 24.3 % to 15.8 %, suggesting that C=O acts as an elec
trophilic site to facilitate 1O2 generation. Regarding N configuration, the 
ratio of pyridinic N dropped from 13.4 % to 8.8 %, implying that the 
pyridinic N served as one of the active sites of Fe@N − SBC (Fig. 5f). 
Pyridinic N can promote oxidant adsorption by inducing positive charge 
on adjacent carbon atoms and donating electrons to PI for its activation, 
and a higher pyridinic N content provides more catalytic sites by 
increasing the density of structural defects [31]. Additionally, the per
centage of Fe − Nx bonds was reduced from 14.5 % to 5.1 %, confirming 
that Fe − Nx sites serve as the main active site in PI activation. The Fe −
Nx structure stabilizes the coordination environment of Fe in Fe@N −
SBC and enhances the availability of Lewis acid sites, thereby facilitating 
PI adsorption and polarization [65]. Previous studies have proposed that 
Fe (II) can activate PI and be oxidized to Fe (III) [66]. From the Fe 2p 
spectra, the Fe (II)/Fe (III) ratio in Fe@N − SBC shifted from 38.1 
%/61.9 % before the reaction to 26.4 %/73.6 % after the degradation 
process. This change indicates that Fe(II) acted as an electron donor to PI 
and produced •OH and O2

•− during catalytic decomposition, consistent 

k k k

Fig. 5. (a) Zeta potential of Fe@N − SBC across a pH range of 3–11, (b) Raman spectra of Fe@N − SBC − x, high − resolution spectra of (c) C 1 s, (d) O 1 s, (e) Fe 2p 
and (f) N 1 s of fresh and used Fe@N − SBC, relationship of reaction rate to (g) C = O, (h) Fe − Nx and (i) pyridinic N.
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with the established mechanism of heterogeneous activation by iron- 
based catalysts [31,67].

To further elucidate the contribution of active sites, the relationship 
between functional groups in Fe@N − SBC synthesized at different 
temperatures and their k was investigated. A positive correlation was 
observed between the reaction rate and the proportions of C=O (R2 =

0.995), Fe − Nx (R2 = 0.982), and pyridinic N (R2 = 0.981), confirming 
their crucial role as active sites in PI activation (Fig. 5 g-i). The Fe (II)/Fe 
(III) ratio showed a strong correlation with the k value (R2 = 0.978), 
further confirming the Fe (II) − induced radical pathway (Fig. S9a). 
Additionally, C − C/C=C and C − O/C − N bonds, graphite N, pyrrolic N 
and oxide N showed no significant correlation with k (Fig. S9b-f).

To gain a deeper understanding of the adsorption and catalytic 
mechanisms at the molecular and atomic levels, density functional 
theory (DFT) calculations are conducted. The optimized structures of 
Fe@N − SBC and SBC are shown in Fig. S10. As shown in Fig. 6a-b, the 
corresponding BPA adsorption energies on SBC and Fe@N − SBC are 
− 0.86 and − 2.03 eV, indicating that Fe and N doping enhanced the 
adsorption capacity of materials.

To further explore the molecular interactions, electron distribution, 
and bonding characteristics involved in the adsorption process, the In
dependent Gradient Model based on Hirshfeld partition (IGMH), elec
trostatic potential (ESP), and electron localization function (ELF) was 
conducted [68,69]. Comparing IGMH of SBC (Fig. 6e) and Fe@N − SBC 
(Fig. 6f), it is observed that the δg peak associated with hydrogen 
bonding in Fe@N − SBC is significantly higher than that in SBC, sug
gesting that Fe@N − SBC is more prone to forming hydrogen bonds with 
BPA. ESP analysis revealed that Fe@N − SBC exhibited more pro
nounced electrostatic potential fluctuations compared to SBC, indicating 
a greater heterogeneity in surface charge distribution (Fig. 6c-d). This 

suggests that Fe@N − SBC can engage in diverse adsorption in
teractions, such as electrostatic interactions and π–π stacking. Fig. 6 g-h 
shows that the high ELF value (ELF > 0.8) is near the Fe–O coordination 
region and primarily localized on the oxygen atom of BPA, which in
dicates the bonding nature of the Fe − O interaction. Specifically, the 
lone pair electrons on the hydroxyl oxygen of BPA remain strongly 
localized while participating in orbital overlap with the empty d-orbitals 
of the Fe center, leading to the formation of a stable chemisorption 
structure.

Similarly, optimized adsorption models of PI on SBC and Fe@N −
SBC were constructed to reveal the interactions between PI and the 
active sites. As demonstrated in Fig. 6i-j, the adsorption energy of PI on 
Fe@N − SBC (− 4.86 eV) is higher than that on SBC (− 1.30 eV), sug
gesting a strong adsorption affinity between Fe@N − SBC and PI. 
Meanwhile, the I − O bond length of PI adsorbed on Fe − N sites (2.31Å) 
or surface Fe oxides (2.28 Å) in Fe@N − SBC was longer than that on 
SBC (2.17Å), which made the I − O bond easier to cleave. Furthermore, 
Bader charge analysis revealed that Fe@N − SBC (1.12 e) was more 
capable of transferring electrons to IO4

− compared to SBC (0.83 e) (Fig. 6
k-l). Charge density difference results showed that Fe and N doping 
adjusted the spin density and charge distribution, thereby enhancing the 
reactivity of the inert carbon framework. Moreover, the total density of 
states (TDOS) and partial density of states (PDOS) of different elements 
were calculated to intuitively reveal the electronic structure character
istics of the material [70]. Fe@N − SBC exhibited a higher density of 
states near the Fermi level compared to SBC, which is favorable for 
enhancing electronic polarization interactions with PI molecules 
(Fig. 6m) [71]. In addition, Fe@N − SBC exhibited a distinct non-zero 
density of states at the Fermi level (0  eV), indicating metallic or semi- 
metallic characteristics, which favors electron transfer and facilitates 

Fig. 6. Optimized adsorption model for BPA on the surface of (a) SBC, (b) Fe@N − SBC and (c-d) ESP maps, IGMH analysis for BPA on the surface of (e) SBC and (f) 
Fe@N − SBC, ELF analysis for BPA on the surface of (g) SBC and (h) Fe@N − SBC; Optimized adsorption model for IO4

− on the surface of (i) SBC and (j) Fe@N − SBC, 
sideview of charge density difference distribution of IO4

− on (k) SBC and (l) Fe@N − SBC, (m) TDOS diagram for SBC and Fe@N − SBC and PDOS diagram for (n) Fe 
3d, (o) N 2p and (p) O 2p of Fe@N − SBC model.
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the generation of reactive radicals. As shown in Fig. 6n, the presence of 
pronounced Fe 3d orbital peaks near the Fermi level suggests a half- 
filled electronic state with strong orbital coupling potential with O or I 
atoms [72]. Fig. 6o shows that the PDOS of N exhibited dense peaks 
below the Fermi level, attributed to the lone pair electrons of pyridinic 
N, indicating its potential as an electron donor in the coordination 
adsorption of IO4

− . The PDOS of O atoms exhibited a broad energy dis
tribution, which was due to the coexistence of Fe–O and C=O, indicating 
their important role in electronic regulation and the formation of active 
sites (Fig. 6p). DFT analysis further confirmed that BPA adsorption onto 
Fe@N–SBC brings BPA molecules into proximity to catalytic active sites 
such as Fe–Nx and pyridinic N. Compared to free BPA in aqueous solu
tion, the adsorption process shortens the reaction pathway between BPA 
and the reactive species, thus promoting the removal rate of BPA.

Overall, Fe–Nx is identified as the primary active site for PI activation 
by Fe@N–SBC, as it provides a stable coordination environment and 
elongates the I − O bond of PI, thereby facilitating bond cleavage. The 
variation in Fe(II) and Fe(III) contents before and after the reaction in
dicates that the Fe(II)/Fe(III) redox cycle acts as a secondary contributor 
to PI activation. Although pyridinic N and C=O groups are not the 
dominant functional groups in the Fe@N–SBC/PI system, their auxiliary 
roles in promoting ROS generation and BPA adsorption should not be 
overlooked.

3.5. Degradation pathways of BPA and toxicity assessment

DFT calculations were conducted on BPA to identify molecular sites 
susceptible to oxidative attack. The highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) were 
analyzed to depict potential electron-donating and electron-accepting 
regions/sites during the oxidation process [73]. As shown in Fig. 7a 
− c, C3, C6, C13, C16 and C23 are prone to electron loss and susceptible 
to undergoing oxidation reactions, whereas C1, C2, C4, C5, C17 − C19 
and C21 are easy to gain electrons and undergo reduction reactions. 
Additionally, the molecular ESP was calculated to visualize the surface 
electron density distribution of BPA (Fig. 7d) [74]. The phenolic hy
droxyl groups and adjacent carbon atoms exhibit negative electrostatic 
potential, suggesting that electrophilic reactions are more likely to occur 
at these sites. To further identify the vulnerable sites of BPA, the 
condensed Fukui function was calculated, where f− , f+ and f0 correspond 
to the site reactivity toward electrophilic, nucleophilic and radical at
tacks, respectively [75]. Fig. 7e − f and Fig. 7h indicate that O32, O12, 
C23, C19, C3, C2, C16 and C6 are the primary electrophilic sites owing 
to their higher f− values, while the relatively high f0 values of C19, C2, 
O32, C4, O12, C21, C1 and C17 suggest that these atoms are the main 
active sites for radical attacks. The absolute values of the condensed dual 
descriptor (CDD) can reflect the propensity strength of each site to be 
attacked (Fig. 7g) [76]. The results indicate that the phenolic hydroxyl 
group and the benzene ring exhibit a notable tendency to be attacked.

The possible degradation pathways of BPA were further investigated 
by LC-MS analysis (Fig. 7i and S10). Initially, the radical attack by •OH 
and IO3

• led to the oxidation of the aromatic ring in BPA, forming P1 (m/ 
z = 293) [77]. Additionally, hydroxylation occurred at the carbon atoms 
adjacent to the hydroxyl groups of BPA, producing the addition product 
P2 (m/z = 259) [78]. Subsequently, P1 and P2 underwent oxidation to 
form quinone intermediate P3 (m/z = 255). Further oxidation and ring 
cleavage reactions resulted in the formation of P4 (m/z = 275) and P5 
(m/z = 175). Moreover, BPA also underwent β-cleavage and demethy
lation in the presence of 1O2, forming phenolic free radicals [79], which 
further underwent coupling and hydroxylation reactions to produce P6 
(m/z = 219) and P7 (m/z = 231) [80]. Additionally, BPA could also 
undergo direct hydroxylation and ring cleavage to generate P8 (m/z =
339) [78]. Finally, P4, P5, P7, and P8 were decomposed into P9 (m/z =
61), P10 (m/z = 113), P11 (m/z = 117) and P12 (m/z = 85) through ring 
cleavage reactions, and then converted to H2O and CO2 through 
mineralization. Toxicity assessments confirmed that the Fe@N − SBC/PI 

system reduced the biotoxicity of BPA (Text S13 and Fig. S27). More
over, no toxic iodine species (e.g., HOI, I2, I3− ) or iodinated by-products 
were detected, demonstrating the environmental safety of the system 
(Text S14 and Fig. S28).

3.6. Stability of the catalysts

The stability and reusability of Fe@N − SBC were evaluated through 
four consecutive cycles of BPA degradation under identical conditions. 
As shown in Fig. S12, the BPA removal efficiency slightly decreases with 
increasing cycles. In the fourth cycle experiment, the BPA degradation 
rate dropped to 66.2 %. The deterioration in recycling performance may 
be attributed to the depletion of active sites during PI activation and the 
adsorption of intermediates on the catalyst, which hinder its ability to 
adsorb both the oxidant and the pollutant [81,82]. Re-calcination of 
Fe@N − SBC may regenerate active sites and remove adsorbed organic 
pollutants and their degradation intermediates from the catalyst. 
Furthermore, no significant changes were observed in the XRD patterns 
of fresh and used Fe@N − SBC, indicating the structural and crystalline 
stability of Fe@N − SBC (Fig. S13). Meanwhile, the leaching of Fe ions 
remained below 6 μg L− 1 at a dosage of 0.4 g L− 1 Fe@N − SBC in 
Fig. S14, which is significantly lower than the limit specified in the 
Chinese Standards for Drinking Water Quality (GB5749-2006) [67]. 
Thus, the leaching of Fe was allowed according to the standards and had 
negligible effect on BPA degradation. It is worth noting that the Fe@N −
SBC/PI system exhibits a significant advantage in the degradation of 
organic pollutants compared to previously reported reaction systems 
(Fig. S15 and Table S10). As shown in Fig. S16, the Fe@N − SBC/PI 
system achieves a total organic carbon (TOC) removal efficiency of 73.9 
% by the end of the reaction. High TOC removal efficiency is not only 
due to the mineralization of BPA but also attributed to the oxidation of 
BPA by reactive species, which is then degraded into intermediate 
products and adsorbed onto Fe@N − SBC. Additionally, Fe@N − SBC/PI 
system exhibited broad-spectrum efficacy in removing contaminants 
such as sulfamethoxazole (SDZ), pharmaceuticals and personal care 
products (ACE) and quinolones (CIP) (Fig. S17). In conclusion, Fe@N −
SBC exhibited stable morphology and structure, demonstrating excellent 
catalytic stability in PI activation.

4. Conclusion

In this study, a novel Fe and N co-doped biochar (Fe@N − SBC) was 
successfully synthesized via a facile pyrolysis method using sewage 
sludge as the precursor. The resulting material exhibited excellent 
adsorption capacity and catalytic activity for BPA removal in a PI-based 
advanced oxidation process. Comprehensive investigations revealed 
that the removal process involved both adsorption and catalysis. The 
primary adsorption mechanisms included π–π EDA interactions, elec
trostatic interactions, hydrogen bonding and surface complexation. 
Catalytic degradation of BPA was primarily driven by the synergistic 
action of radical (•OH and IO3

•) and non-radical (1O2) pathways. Active 
species were verified through quenching experiments and EPR spec
troscopy, while XPS analysis revealed that Fe–Nx, pyridinic N, C=O and 
Fe(II)/Fe(III) redox cycling were the key active sites for PI activation. 
Additionally, DFT supported the proposed adsorption and catalytic re
action pathways and elucidated the electronic structure and reactive 
sites of the catalyst. Importantly, no toxic iodine species or iodinated by- 
products were formed during the reaction, indicating the environmental 
safety of the system. This work provides new insights into the design of 
low-cost, sludge-derived multifunctional catalysts for efficient and safe 
wastewater remediation.
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Fig. 7. (a) Optimized structure, (b) HOMO, (c) LOMO, (d) ESP and (e-g) condensed Fukui function isosurface maps of BPA, (h) fukui index f− , f+ and f0 of BPA and (i) 
degradation pathways.
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