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A B S T R A C T

The frequent presence of antibiotics like oxytetracycline (OTC) in aquatic environments has raised significant 
concerns owing to their potential to cause antibiotic resistance genes and ecological risks, demanding efficient 
and sustainable remediation methods. This study developed a novel iron-modified biochar (4MBC800) derived 
from fermented grain residues to activate periodate (PI) for OTC degradation. The biochar was prepared via 
pyrolysis and characterized by various instruments, revealing a well-developed porous structure and high spe
cific surface area. Under operating conditions (OTC = 20.4 mg/L, 4MBC800 = 1.1 g/L, PI = 3.3 g/L, t = 150 
min), 92.1% of OTC was effectively removed. Radical quenching experiments and HPLC-MS analysis identified 
•OH, •O2

− , and 1O2 as the dominant reactive species driving OTC degradation through three distinct pathways. 
The 4MBC800/PI system demonstrated robust catalytic performance, reusability, and adaptability across 
different water matrices without generating toxic byproducts. This work provides new insights into the design of 
waste-derived catalysts for periodate-based advanced oxidation processes in antibiotic-contaminated water 
treatment.

1. Introduction

The expanding demands for disease prevention and treatment have 
led to the extensive use of antibiotics worldwide, particularly in high- 
population regions [1]. The persistence of antibiotic residues in 
aquatic ecosystems promotes the proliferation of antibiotic-resistant 
bacteria, posing significant risks to ecological and human health [2]. 
Classified as emerging contaminants by WHO guidelines, antibiotics 
require priority control. However, conventional wastewater treatment 
processes designed for removing biochemical oxygen demand (BOD), 
nitrogen, and phosphorus exhibit limited efficiency in degrading most 
antibiotics. Hence, there is an urgent need to develop advanced tech
nologies for effective antibiotic removal.

Oxytetracycline (OTC), a widely used tetracycline antibiotic, fea
tures a linearly fused four-cyclohexane-ring structure that resists natural 
degradation in water [3,4], making it a common model pollutant in 
degradation studies. Advanced oxidation processes (AOPs) rely on in 
situ generation of reactive oxygen species (ROS) that exhibit strong 
oxidative capacity toward organic pollutants [5]. Conventional AOPs 
include hydroxyl radical (•OH, E0 = 1.8–2.7 V)-based systems such as 

UV/H2O2 and Fenton (Fe2+/H2O2) processes [6], as well as sulfate 
radical (SO4

•− , E0 = 2.5–3.1 V)-based systems, in which persulfate 
(S2O₈2− ) or peroxymonosulfate (HSO5

− ) is activated to generate SO4
•−

[6,7]. While •OH-based oxidation is highly pH-dependent and non- 
selective, SO4

•− -based oxidation operates over a wider pH range and 
targets electron-rich organic compounds [8,9]. Nonetheless, SO4

•− is 
susceptible to interference from background anions (e.g., Cl− , HCO3

− , 
CO3

2− ), limiting its practicality in real water matrices [10].
Recently, periodate (IO4

− , E0 = 1.6 V)-based AOPs have gained 
attention due to their ability to generate multiple ROS (e.g., •OH, 1O2, 
IO3

•, IO4
•) via tailored activation methods [11]. Unlike conventional 

AOPs, periodate-based systems perform effectively over a broad pH 
range [12,13]. Iodate (IO3

− ), the main reduction product, is non-toxic 
and easily removable through precipitation [14]. Moreover, iodine 
radicals (e.g., IO3

• and IO4
•) preferentially oxidize electron-rich organic 

moieties via electron transfer mechanisms [15]. Various strategies have 
been explored to activate periodate (PI), including carbon activation, 
UV irradiation [16,17], and metal-based activation [18–20]. Biochar 
(BC), a carbonaceous material, possesses high surface area, modifiable 
surface chemistry, and environmental compatibility. Fermented grain 
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residues from liquor production, can be pyrolyzed into BC for activating 
PI in organic pollutant degradation [21–23]. Furthermore, modifying BC 
with transition metals can enhance its catalytic performance [21–24]. 
Iron-functionalized BC demonstrates superior catalytic activity for PI 
activation due to the synergistic effect between iron species and the 
carbon matrix, which facilitates electron transfer and ROS generation 
[25–27].

In this study, iron-doped BC was synthesized from fermented grain 
residues through pyrolysis and employed as a novel activator of PI to
ward OTC decontamination. This study aims to: (i) characterize the 
physicochemical properties of various BCs prepared under different 
prepare conditions; (ii) analyze the efficacy of various BCs in activating 
PI for OTC removal; (iii) clarify the OTC degradation mechanism and 
identify OTC transformation products; (iv) evaluate the reusability of 
optimal BC, its performance in different water matrices, and the toxicity 
of degradation products. This study provides a dual waste valorization 
strategy that utilize waste fermented grain residues to produce BC in 
removing antibiotic from wastewater.

2. Materials and methods

2.1. Chemical reagents

Sodium periodate (NaIO4), potassium ferrate (K2FeO4), sulfuric acid 
(H2SO4), sodium hydroxide (NaOH), sodium chloride (NaCl), sodium 
bicarbonate (Na2CO3), and sodium nitrate (NaNO3) were provided by 
Sinopharm Group Chemical reagent Co., LTD. Oxytetracycline 
(C22H24N2O9), humic acid (C9H8Na2O4), tert-butanol (C4H10O), p-ben
zoquinone (C6H4O2), and furfuryl alcohol (C5H6O2) were obtained from 
Shanghai Maclin Biochemical Technology Co., LTD. These chemicals 
were analytical reagents except for tert-butanol which was chemically 
pure. The contaminant solution used in the experiment was prepared by 
dissolving needed chemicals into ultra-pure water.

2.2. Preparation of biochar

The biomass raw material for preparing BC was waste fermented 
grain residues. BC was prepared by high temperature pyrolysis. The 
fermented grain residues were cleaned with ultra-pure water and dried 
for 24 h in a drying oven at 80 ℃. The dried fermented grain residues 
were made into powder by grinder, and 80 mesh powder was screened 
for pyrolysis. The powders were pyrolyzed in a nitrogen-purged tube 
furnace at 100 ml/min N2 flow rate and heated at a heating rate of 10 
℃/min, with the final temperature 500 ℃, 650 ℃, and 800 ℃. These 
BCs were named BC500, BC650, and BC800, corresponding to pyrolysis 
temperatures of 500 ℃, 650 ℃, and 800 ℃, respectively. Next, one-step 
pyrolysis method was used to prepare the modified BC. Eighty mesh 
grain residues powder (10 g) and K2FeO4 powder (2 g or 4 g) were put 
into ultra-pure water, and the solution was stirred and mixed for 24 h, 
and then left for 6 h. The mixed solution was vacuum-filtered and left 
with filter residues, which was dried at 80 ℃ for 12 h. The dried residues 
were crushed, screened via 80 mesh filter, and finally were pyrolyzed in 
a tube furnace. The pyrolysis conditions were the same as those for the 
preparation of unmodified BC. According to the final pyrolysis tem
perature (500 ℃, 650 ℃, and 800 ℃) and the quality of doped K2FeO4 
(2 g, 4 g), the modified BC were recorded as 2MBC500, 2MBC650, 
2MBC800, 4MBC500, 4MBC650, and 4MBC800, respectively.

2.3. Characterization of biochar

Biochar characterization was performed with multiple analytical 
techniques. Morphological evaluation was obtained by scanning elec
tron microscopy (SEM, MERLIN Compact, ZEIS, Germany), and 
elemental compositions were determined via energy-dispersive X-ray 
spectroscopy (EDS, equipped on SEM). Surface area and porosity were 
analyzed using a specific surface area analyzer (ASAP2460, 

Micromeritics, USA). Chemical bonds of elements were characterized by 
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha+, 
USA), crystalline phase was identified with X-ray diffraction (XRD, Ul
tima IV, Rigaku, Japan), the vibrations of all bonds were detected 
through Fourier transform infrared spectroscopy (FTIR, Frontier, Perkin 
Elmer, USA), and carbon structure analysis was carried out by Raman 
spectroscopy (LabRAM HR Evolution, HORIBA JY, France).

2.4. Experimental procedures

The adsorption experiments of various BCs for OTC were conducted 
using beakers at room temperature (T = 25 ± 1 ℃). First, BC (100 mg) 
was introduced into a 250 mL-beaker containing 100 mL of OTC solution 
(20.4 mg/L, pre-adjusted pH = 3), then magnetic stirring was applied to 
initiate the adsorption process. Samples were taken out (at 10, 30, 60, 
90, 120, 150 min) and immediately transferred to a spectrophotometer 
for absorbance measurement, and the values were subsequently con
verted to OTC concentrations based on a linear calibration curve.

Catalytic experiments were conducted to examine the effectiveness 
of various BC-activated PI for OTC degradation. 100 ml of OTC solution 
(20.4 mg/L, pre-adjusted pH = 3) was put into a beaker, followed by the 
addition of BC (1.1 g/L) and PI (3.3 g/L), and the catalytic reaction 
began under magnetic stirring. The sampling and measuring followed 
the same method as aforementioned adsorption experiments. The pro
cedure of the influence factor experiments was similar to that of the 
catalytic experiments, except that the specific reaction parameters were 
varied in the dosage. The specific experimental parameters were indi
cated in the captions of the corresponding results figures.

2.5. Analytical methods

The OTC concentration measurements were performed via a spec
trophotometer (TU-1810, Beijing Purkinje Co., Ltd., China) at 355 nm. 
The standard calibration curve for OTC concentration versus absorbance 
is shown in Fig. 1a. UV spectra of the OTC solution and a treated sample 
are exhibited in Fig. 1b. OTC solution (before reaction) possessed two 
absorption peaks (260 nm and 355 nm). However, the absorption peak 
of the reacted solution shifted at 260 nm, so this experiment employed a 
wavelength of 355 nm for OTC sample detection. Additionally, OTC 
degradation product identification was performed by liquid 
chromatography-mass spectrometry (Ultimate 3000 UHPLC-Q Exactive, 
Thermo Scientific, USA).

3. Results and discussion

3.1. Characterization of biochar

Fig. 2 provides SEM images of various BCs (BC500, BC650, BC800, 
2MBC500, 2MBC650, 2MBC800, 4MBC500, 4MBC650, 4MBC800). It 
was found that various BCs formed abundant pore structures due to the 
cracking and volatilization of the organic components in the fermented 
grain residues via pyrolysis process. On the images of iron-doped bio
char (2MBC500, 2MBC650, 2MBC800, 4MBC500, 4MBC650, 
4MBC800), some small crystals were found irregularly distributed in 
some crevices, aperture openings, and interiors, which were hypothe
sized to be iron species introduced by iron-dopping. An EDS equipped on 
SEM detected the content of elements in various BCs, as shown in 
Table 1. EDS spectra of various BCs are shown in Appendix I. It can be 
seen that trace amounts of element Fe were present in the unmodified 
BC, while the content of Fe increased significantly in the modified BC. 
This indicates that Fe was successfully introduced into the BC. Specific 
surface area of BCs by BET adsorption assay are displayed in Table 2. 
Among various BCs, 4MBC800 obtained the largest specific surface area 
of 264 m2/g. A large specific surface area facilitates the adsorption of 
oxidants and pollutants, providing sites for activation. In addition, total 
pore capacity and micropore capacity of 4MBC800 were larger than that 
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Fig. 1. a: Standard calibration curve between OTC concentration and absorbance; b: UV spectra of the OTC solution and a treated sample.

Fig. 2. SEM images of various biochars.

Table 1 
Analysis of elemental species and content by EDS.

Element BC500 BC650 BC800 2MBC500 2MBC650 2MBC800 4MBC500 4MBC650 4MBC800

C 75.84 85.15 83.03 68.82 65.61 40.86 47.80 38.59 21.32
N 5.12 4.24 0.55 2.56 0.00 0.21 0.51 0.00 0.14
O 16.55 8.38 11.50 16.85 8.92 27.99 21.72 23.05 8.88
Na 0.02 0.00 0.03 0.03 0.00 0.05 0.01 0.00 0.07
Mg 0.56 0.11 0.23 0.24 0.07 0.13 0.13 0.16 0.10
Si 1.20 1.53 1.75 2.33 13.57 13.68 5.08 3.62 2.07
K 0.55 0.30 0.50 3.16 9.25 7.54 15.15 6.26 3.76
Ca 0.08 0.06 2.03 0.19 0.00 0.12 0.22 0.25 0.09
Fe 0.07 0.22 0.38 5.83 2.57 9.43 9.38 28.06 63.56
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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of other BCs. Therefore, it is considered that the adsorption performance 
of 4MBC800 is superior to that of other catalysts, which also provides 
favorable conditions for catalytic PI. Following SEM, EDS, and BET 
analysis, we conducted adsorption and degradation performance ex
periments on various materials to confirm the superiority of 4MBC800 
(3.2. Removal of OTC by different systems).

Through adsorption and degradation experiments with various ma
terials, it was determined that 4MBC800 is the optimal catalytic mate
rial. Therefore, we conducted further material characterization mainly 
on 4MBC800.

Fig. 3a and Fig. 3b demonstrate the general XPS spectra of BC800 
and 4MBC800, respectively. The two spectra both possessed three 
distinct absorption peaks, C1s (293.08 eV), O1s (532.08 eV) and N1s 
(378.28 eV) [28]. Since both BC800 and 4MBC800 were produced by 
pyrolysis from fermented grain residues, they retained the C, O, and N 
elements present in the original fermented grain residues. The C and O 
primarily originated from the organic matter in the fermented grain 
residues, while the N was mainly derived from proteins, amino acids, 
and undecomposed yeast residues. Notably, the general XPS spectrum of 
4MBC800 appeared an absorption peak of Fe2p, located at 712.08 eV, 
indicating that Fe was successfully loaded onto the BC. The iron element 
originated from the K2FeO4 reagent used for BC modification. The C1s 
spectrum (Fig. 3c) showed three absorption peaks, C–C (284.8 eV), C–O 
(286.2 eV), and C=O (290.71 eV), with the highest intensity was C–C, 
followed by C–O and C=O. Fig. 3d shows the O1s spectrum, which was 
fitted into two peaks, C–O (532.48 eV) and C=O (531.54 eV). The main 
content of O1s was C=O [29]. Generally speaking, the high C=O/C–O 
ratio favors pollutant removal in the BC/PI system. Fig. 3e is the N1s 
spectrum, and the two peaks fitted were pyridine N (397.0 eV) and 
pyrrole N (401.2 eV), with pyrrole N dominating. Fig. 3f fits the peaks of 
Fe2p, including two major peaks Fe2p3/2 (712.08 eV) and Fe2p1/2 
(728.48 eV), and three satellite peaks (716.58 eV, 719.08 eV, and 
722.48 eV). It can be seen that Fe primarily occurred as Fe3+ and Fe2+. 
Fig. 3g and Fig. 3h exhibit the XRD patterns of unmodified BC and 
modified BC. BC500, BC650, and BC800 all showed broad and strong 
diffraction peaks at 22◦, corresponding to the (002) crystal plane of 
amorphous carbon (Fig. 3g) [30]. Rising pyrolysis temperature (from 
500 ℃ to 800 ℃) increased the intensity of the peaks, suggesting that 
high temperatures could enhance the crystallinity of BC. Fig. 3h shows 
that diffraction peaks of Fe2O3, FeSiO3, Fe and Fe3O4 were generated 
near 2θ = 30.3◦, 32.9◦, 44.6◦ and 65.0◦, respectively [31]. This indicates 
that the BC was modified by K2FeO4 to form various valence states of Fe. 
FTIR characterization (Fig. 3i) showed that the original BC and modified 
BC exhibited rich functional group structures. The specific functional 
groups were O–H (3438 cm− 1), C–H (2923 cm− 1), C=O (1625 cm− 1), 
C–O (964 cm− 1), C–H (574 cm− 1), Fe–O (569 cm− 1), where the Fe–O of 
4MBC800 was evident, suggesting that Fe was successfully loaded onto 
the 4MBC800 [32]. In Raman spectra (Fig. 3j), the D and G peaks were 
positioned at 1358 cm− 1 and 1581 cm− 1, respectively. The ID/IG 
elevated from 0.819 to 1.099 as the pyrolysis temperature increased 
from 500 ℃ to 800 ℃. The D peak represents the defective or disordered 

carbon in the lattice of C atoms in the BC, while the G peak represents 
the E2g stretching vibration in the face of sp2 hybridization of C atoms 
[33]. Usually, the intensity ratio of ID/IG can reflect the degree of defects 
in the BC, with higher values corresponding to more defective BC 
structures. In the BC studied herein, ID/IG increased from 0.819 to 1.099, 
suggesting that higher pyrolysis temperatures lead to increased struc
tural defects in BC.

3.2. Removal of OTC by different systems

BC exhibits a certain adsorption performance toward pollutants 
resulting from the large specific surface area and rich microporous ar
chitecture. Fig. 4a investigates the adsorption performance of different 
types of BCs on OTC. It can be observed that the OTC removal rates by 
BC500, BC650 and BC800 were 22.8 %, 24.7 % and 25.8 %, respectively, 
within 150 min. This suggests that the adsorption of OTC by the BCs 
prepared at higher temperature (BC650 and BC800) were better. High- 
temperature treatment significantly increased BC’s specific surface area 
and pore volume, directly enhancing its adsorption capacity for OTC. It 
was also found that the adsorption properties of iron modified BCs were 
enhanced compared to the unmodified BCs. Moreover, the BC with high 
concentration of iron (4MBC800) in the modification process was more 
effective in adsorbing OTC than the BC modified with low concentration 
of iron (2MBC800). 4MBC800 could obtained the maximal OTC removal 
rate of 43.8 % among various BCs. This may be due to the iron modi
fication of the BC at higher temperatures, which introduces more 
oxygen-functional groups and enhances the adsorption behavior [34].

Although the BC was able to adsorb a certain amount of OTC, its 
removal rate did not reach the desired value. Therefore it is necessary to 
use oxidizing agents to enhance the removal of OTC by the system. 
Fig. 4b demonstrates the OTC removal under various BC/PI systems. In 
the case of OTC oxidation by PI alone, OTC removal was able to reach 
56 %, which indicates that PI alone can oxidize a portion of OTC based 
on the mild oxidizing property of PI (E0 = 1.6 V). When the PI system 
was filled with various BC catalysts, there was a significant increase in 
the removal of OTC by various BC/PI systems (Fig. 4b) compared to the 
corresponding adsorption process (Fig. 4a). In the case of unmodified 
BCs, BC500, BC650 and BC800 were able to remove 81.8 %, 83.6 % and 
88.9 % of OTC in the presence of PI, respectively. For iron-modified BCs, 
2MBC800 and 4MBC800 were superior, removing 90.1 % and 92.1 % of 
OTC in PI solution, respectively. This indicates that there is an increase 
in the removal of OTC in Fe-modified BC with a higher amount of 
K2FeO4 doping. For this reason, the 4MBC800 with the best catalytic 
effect was chosen for the subsequent experiments. Generally speaking, 
the adsorption of OTC by biochar is beneficial for its effective degra
dation. Biochar can concentrate OTC on its surface, creating a locally 
high concentration that provides more active sites for PI activation. The 
4MBC800 catalyst in this experiment exhibits excellent adsorption 
performance while maintaining good catalytic activity, confirming this 
observation.

3.3. Mechanism analysis

To identify the ROS generated in the 4MBC800/PI/OTC system, 
radical trapping experiments were performed using specific scavengers: 
tert-butyl alcohol (TBA) for hydroxyl radicals (•OH), p-benzoquinone (p- 
BQ) for superoxide radicals (•O2

− ), and furfuryl alcohol (FFA) for singlet 
oxygen (1O2). The kinetic rate constants (k) for the reactions of TBA, p- 
BQ, and FFA with their corresponding target species (•OH, •O2

− , 1O2) are 
5.0 × 108 M− 1 s− 1, 0.9 × 109 M− 1 s− 1, 1.2 × 108 M− 1 s− 1, respectively 
[35–37]. As depicted in Fig. 5, compared to the control group, TBA, p- 
BQ, and FFA all inhibited OTC degradation to varying degrees, indi
cating the presence of all three reactive species (•OH, •O2

− , 1O2) in the 
4MBC800/PI/OTC reaction system. In the control group, the removal 
rate of OTC reached 92.1 %, while in the groups with addition of TBA, p- 
BQ, and FFA, the OTC removal rates decreased to 87 %, 59.9 %, and 

Table 2 
Specific surface area and pore characteristics of biochar.

Biochar Specific 
surface 
area 
(m2/g)

Surface area 
of micropore 
(m2/g)

Total pore 
capacity 
(cm3/g)

Micropore 
capacity 
(cm3/g)

Average 
pore size 
(nm)

BC500 79 62 0.0524 0.0252 2.6
BC650 114 88 0.0603 0.0354 2.1
BC800 260 189 0.1549 0.0885 2.4
2MBC500 219 168 0.1519 0.0994 2.8
2MBC650 215 164 0.1505 0.0995 2.8
2MBC800 215 162 0.1500 0.0960 2.8
4MBC500 229 177 0.1481 0.0961 2.6
4MBC650 225 156 0.1508 0.0849 2.7
4MBC800 264 190 0.1774 0.1072 2.7
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Fig. 3. a: General spectrum of BC800; b: General spectrum of 4MBC800; c: C1s of 4MBC800; d: O1s of 4MBC800; e: Fe2p of 4MBC800; f: N1s of 4MBC800; g: XRD 
patterns of unmodified BCs; h: XRD patterns of modified BC; i: FTIR spectra of BCs; j: Roman spectra of BCs.

T. Song et al.                                                                                                                                                                                                                                     Ain Shams Engineering Journal 16 (2025) 103789 

5 



72.1 %, respectively. In other words, the presence of TBA, p-BQ, and FFA 
led to a reduction in OTC removal efficiency by 5.1 %, 32.2 %, and 20 %, 
respectively. These results collectively demonstrate that the three 
scavengers (TBA, p-BQ, and FFA) inhibited a total of 57.3 % of OTC 
degradation, indicating the persistent presence of additional reactive 
species in the system. Elimination analysis conclusively revealed the 
existence of iodate radicals (IO3

•, IO4
•) in the 4MBC800/PI/OTC system. 

Therefore, the elimination of OTC was accomplished through the 
collaborative work of various reactive species, which may generate 
through a series of chain reactions (Eqs. 1–8) mediated by iron species 
and IO4

− . 

Fe0 +2IO−
4 +H+→Fe2+ +2IO•

3 +2OH− (1) 

Fe2+ +2IO−
4 +H2O→Fe3+ + IO−

3 + • O−
2 +2H+ (2) 

IO−
4 +2 • O−

2 +H2O→IO−
3 + 2 1O2 +2OH− (3) 

2 • O−
2 +H2O→H2O2 +

1O2 +2OH− (4) 

Fe3+ +H2O2→Fe2+ + • O−
2 +2H+ (5) 

BC - OH+ IO -
4 →BC - O • + IO•

3 + • OH (6) 

BC - OOH+ IO -
4 →BC - OO • + IO•

3 + • OH (7) 

IO−
4 + • OH→OH− + IO•

4 (8) 

The possible products of OTC oxidation were determined using 
HPLC-MS and its degradation routes of OTC were speculated, as depic
ted in Fig. 6. In pathway I, OTC (m/z = 461) forms the product P1 (m/z 
= 340) via deamination, deamidation and dehydroxylation, P1 gener
ates P2 (m/z = 285) via ring-opening decarbonylation and dehydrox
ylation, then P2 undergoes decarbonylation and dehydration to form P3 
(m/z = 243), and finally P3 generates P4 (m/z = 193) via ring-opening 
decarbonylation and demethylation. In pathway II, OTC (m/z = 461) 
forms the product P5 (m/z = 393) via dehydrogenation and deamida
tion, P5 deamination, hydrogenation and dehydroxylation forms the 
product P6 (m/z = 360), P6 generates P7 (m/z = 263) via ring-opening 
decarbonylation, dehydroxylation and dehydration, and finally P7 
generates P8 (m/z = 193) via ring-opening decarbonylation and deme
thylation. In pathway III, OTC (m/z = 461) generates the product P9 (m/ 
z = 450) by dehydration.P9 is cleaved to P10 (m/z = 393) by deme
thylation, deamination, dehydration and other reactions, and P11 (m/z 
= 316) is formed by demethylation and deamidation of P10.

3.4. Evaluation of practical applications

3.4.1. Effects of water quality
In general, in an advanced oxidation system, pH value exerts an 

important impact on the reaction process. The degradation effects of 
4MBC800 toward OTC at three pH values was examined, as shown in 
Fig. 7. The initial pH of 3, 6, and 9 respectively corresponded to 92.1 %, 
88.4 %, and 85.4 % OTC removal in the 4MBC800/PI system. Under 
acidic conditions (pH = 3), the ≡Fe(II)/≡Fe(III) redox cycle on the iron- 
modified biochar surface is enhanced, which directly reduces periodate 
(IO4

− ) to generate highly reactive radicals (e.g., •OH and IO3
•), thereby 

achieving a high OTC removal efficiency [38]. In alkaline conditions, 
the elevated pH promotes the formation of Fe(OH)/FeOOH precipitates, 
which coat the active sites on the biochar surface and impede electron 
transfer [39]. Moreover, under alkaline environments, the oxidation 
process primarily relies on singlet oxygen (1O2) or high-valent iron-oxo 
species (Fe(IV) =O), whose oxidative capacity is inferior to that of free 
radicals, resulting in lower OTC degradation efficiency [40]. Addition
ally, in alkaline solutions, OTC undergoes deprotonation (–OH/− NH2 
dissociation), acquiring a negative charge that electrostatically repels 
the similarly negatively charged 4MBC800/PI surface, thereby reducing 
interaction probability [41]. Notably, in the 4MBC800/PI system, the 

Fig. 4. a: OTC removal of various biochars; b: OTC removal under various biochar/PI systems. [OTC] = 20.4 mg/L, [biochar] = 1.1 g/L, [PI] = 3.3 g/L, T = 25 ℃, 
pH = 3.

Fig. 5. Effects of different quenchers on OTC removal. [OTC] = 20.4 mg/L, 
[PI] = 3.3 g/L, [BC] = 1.1 g/L, pH = 3, TBA:PI = 1000:1, [FFA] = 0.2 M, [BQ] 
= 5 mM.
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difference in OTC decontamination efficacy between acidic and alkaline 
conditions was only 6.7 %, demonstrating strong pH adaptability of the 
system.

In this study, three representative temperatures (15 ℃, 25 ℃, 35 ℃) 
were chosen to evaluate their impact on OTC removal performance of 
the 4MBC800/PI system. The increase in temperature raised the OTC 
removal rate from 89.5 % to 93.6 % (Fig. 7), indicating that moderate 
heating had a positive effect. This is attributed to accelerated molecular 
motion in the heterogeneous system at higher temperatures, which 
enhanced mass transfer in the 4MBC800/PI system [42]. However, as 
the tested temperature range was relatively narrow (ambient condi
tions), no significant improvement in OTC removal efficiency was 

observed.
In natural water bodies, the occurrence of natural organic matter 

(NOM) and various anions may significantly influence the degradation 
of target pollutants in the reaction system. Therefore, this study inves
tigated the individual effects of humic acid (HA, a representative NOM), 
chloride (Cl− ), nitrate (NO3

− ), and bicarbonate (HCO3
− ) on OTC degra

dation in the 4MBC800/PI system. At HA 5 mg/L and 10 mg/L, the OTC 
removal decreased by only 1–3% compared to the control group (Fig. 7), 
demonstrating that HA at these levels had negligible impact on OTC 
degradation. Moreover, chloride (Cl− ) and nitrate (NO3

− ) ions were also 
found to exhibit minimal influence on OTC removal efficiency. These 
results demonstrate that the 4MBC800/PI system exhibits strong 

Fig. 6. Possible degradation pathways for OTC.
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resistance to interference from NOM and common anions. Compared to 
other anions, HCO3

− demonstrated significantly stronger inhibition on 
OTC degradation at both tested concentrations. The presence of HCO3

−

led to a decline in OTC removal efficiency due to two synergistic 
mechanisms: HCO3

− increased solution pH, creating less favorable con
ditions for degradation. As a classic quencher, HCO3

− directly inhibited 
reactive oxygen species (•OH/IO3

•) through these reactions (Eqs. 9–10): 

HCO−
3 + • OH→CO•−

3 +H2O (9) 

HCO−
3 + IO•

3→Inert products (10) 

Fig. 7 (inset) compares OTC degradation performance in ultrapure 
water, tap water, and surface water, revealing a measurable decline in 
removal efficiency under realistic water matrices. In summary, the 
experimental results demonstrate that the 4MBC800/PI system exhibits 
strong resistance to interference from most NOM and anions while 
maintaining high OTC degradation efficiency in real water matrices. 
This confirms its excellent applicability and practical potential for actual 
water treatment applications.

3.4.2. Stability of 4MBC800
To evaluate the reusability of 4MBC800, four cyclic experiments 

were performed to investigate OTC removal by 4MBC800/PI in each 
cycle. The results are shown in Fig. 8. It is demonstrated that the OTC 
removal rates in the four cycles were 89.4 %, 85.9 %, 83.6 %, and 83.2 
%, respectively (Fig. 8a). The degradation efficiency exhibited a 
decreasing trend in each cycle, which may primarily result from the 
adsorption of intermediate products on the catalyst surface and chemi
cal changes induced by surface oxidation. The adsorption of in
termediates could lead to a reduction in active sites and specific surface 
area, thereby hindering the activation of PI. Additionally, chemical 
changes on the catalyst surface are a critical factor affecting catalytic 
performance, as they determine the availability of active sites for PI. 
During the catalytic process, oxidation of functional groups and carbon 
structures on the biochar surface may contribute to the decline in 
removal efficiency. Notably, after the third cycle, the removal rate 
remained relatively stable. Moreover, in the fourth cycle, the catalyst 
still maintained a removal rate of over 80 %, demonstrating its favorable 
reusability. On the other hand, the kinetics of OTC removal over four 
reuse cycles were simulated to reflect the reaction rate in each cycle, as 
shown in Fig. 8b. As the number of reuse cycles increased, the degra
dation rate of OTC followed a second-order kinetic equation, with R2 

values all exceeding 0.93. However, the kinetic constant was the highest 
in the first reuse cycle, while those for the third and fourth cycles 
showed a slight decrease. Therefore, from a kinetic perspective, the 
material’s reaction performance remained highly stable.

3.4.3. Toxicity analysis of products
To systematically evaluate the potential ecological toxicity risks of 

OTC and its degradation intermediates, this study utilized the ECOSAR 
software, developed by the Chinese Academy of Sciences, to assess both 
acute toxicity and chronic toxicity in three representative aquatic or
ganisms: fish, daphnia, and algae. Fig. 9 a–c illustrate the logarithmic 
distribution of acute toxicity, showing that all OTC degradation in
termediates exhibit lower ecotoxicity than OTC itself, with most falling 
into the non-toxic range. Fig. 9 d–f present the chronic toxicity (ChV) 
analysis, indicating that P2, P6, P7, and P11 are within the non-toxic 
range, while P4 shows a relatively higher chronic toxicity risk, though 
still lower than that of OTC. These results demonstrate that the 
4MBC800/PI catalytic system not only effectively degrades OTC but also 
ensures good ecological safety.

Fig. 7. Effect of water quality conditions on OTC removal. [OTC] = 20.4 mg/L, 
[PI] = 3.3 g/L, [BC] = 1.1 g/L, pH = 3.

Fig. 8. a: OTC removal with time in four runs reuse; b: OTC removal kinetics in four runs reuse. [OTC] = 20.4 mg/L, [PI] = 3.3 g/L, pH = 3.
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4. Conclusions

In this study, a novel potassium ferrate (K2FeO4)-functionalized 
biochar (derived from fermented grain residues) was successfully syn
thesized via pyrolysis and demonstrated high catalytic efficiency in 
activating PI for OTC degradation in aqueous systems. The key findings 
can be summarized as follows: 

(1) BC prepared under specific pyrolysis conditions exhibited 
enhanced physicochemical properties (e.g., high surface area, Fe 
(II)/Fe(III) redox sites, and graphitic N doping), which synergis
tically promoted PI activation.

(2) Under operational parameters (OTC = 20.4 mg/L, 4MBC800 =
1.1 g/L, PI = 3.3 g/L, t = 150 min), 92.1 % OTC removal was 
obtained within 150 min.

(3) Quenching experiments and HPLC-MS analysis confirmed that 
the degradation was driven by both radical (•OH, IO3

•) and non- 
radical (1O2) pathways, with OTC primarily undergoing hy
droxylation, demethylation, and ring cleavage.

(4) The system maintained > 80 % OTC removal after 4 cycles and 
showed strong resistance to common water matrix interferents (e. 
g., NOM, Cl− , HCO3

− ), validating its robustness for real waste
water treatment.

(5) Toxicological analysis further confirmed that the OTC degrada
tion products generated by 4MBC/800 system exhibited no latent 
toxicity, demonstrating strong practical applicability.

Despite these promising results, this study has certain limitations. 
The catalytic performance was evaluated under controlled laboratory 
conditions, and its effectiveness in real industrial wastewater with more 
complex and variable compositions remains to be further verified. In 

addition, the long-term stability of the catalyst under continuous flow 
conditions and the economic feasibility of large-scale production and 
application require more in-depth assessment. Future studies should 
focus on pilot-scale experiments to validate the practicality and dura
bility of the material in real wastewater treatment scenarios.

Finally, this work not only advances the design of iron-BC hybrids for 
PI-AOPs but also offers a sustainable waste-to-resource strategy by fer
mented grain residues into functional catalysts.
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Appendix I 

EDS spectra of various BCs 

Fig. 9. a–c: the logarithmic distribution of acute toxicity; d–f: The chronic toxicity analysis.
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Spectrum 1. EDS spectrum of BC500

Spectrum 2. EDS spectrum of BC650 
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Spectrum 3. EDS spectrum of BC800

Spectrum 4. EDS spectrum of 2MBC500 
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Spectrum 5. EDS spectrum of 2MBC650

Spectrum 6. EDS spectrum of 2MBC800 
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Spectrum 7. EDS spectrum of 4MBC500

Spectrum 8. EDS spectrum of 4MBC650 
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Spectrum 9. EDS spectrum of 4MBC800
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