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Abstract 

Ball milling technology has become an important method for material modification due to its high efficiency, environmental 
protection and economy. However, previous studies mainly focused on the adjustment of ball milling parameters and lacked 
an in-depth understanding of the effect of ball milling atmosphere on material properties. To this end, siderite/biochar 
composites (BM-SD/BCs) were prepared by ball milling technique and the effects of different ball milling atmospheres (air, 
nitrogen, vacuum) on the physicochemical properties of the composites and their catalytic performance were systematically 
investigated. The results showed that the N/BM-SD/BC prepared under nitrogen atmosphere exhibited excellent catalytic 
performance in phenol removal efficiency of 90.3%, which was significantly higher than that of the A/BM-SD/BC prepared 
under air atmosphere (73.8%) and the V/BM-SD/BC prepared under vacuum atmosphere (81.3%). Characterization analysis 
revealed that the ball milling treatment markedly altered the surface morphology and structural properties of the composites. 
Specifically, the composites ball-milled under nitrogen atmosphere exhibited smaller particle sizes, larger specific surface 
area (ascending from 27.0 to 187.6 m2 g−1), and richer distribution of surface functional groups and Fe(II) species. All these 
characteristics significantly enhanced their redox activities. This structural optimization not only increased the active sites 
of the composites, but also effectively enhanced their activation of persulfate (PS), which was capable of generating a variety 
of reactive radicals (such as SO4

−·, ·OH, and ·O2
−) for the efficient degradation of phenol, in which ·OH and ·O2

− contributed 
50.7% and 25.3% of phenol removal, respectively. In addition, the N/BM-SD/BC/PS system demonstrated its capability 
to degrade phenol across a broad pH spectrum (especially in the pH range of actual wastewater), showing good adaptability 
and potential for practical application. This study reveals the key role of ball milling atmosphere in the modulation of mate-
rial physicochemical properties and reactivity, which provides theoretical support for the future application of ball milling 
in the engineering of nanomaterials.

Highlights 

•	 Milling atmosphere affected the morphology, functional groups and Fe(II) distribution of composites.
•	 Nitrogen atmosphere-prepared composite had the best specific surface area and Fe(II) distribution.
•	 Nitrogen atmosphere better than air/vacuum aided particles fracture and functional groups exposure.
•	 In N/BM-SD/BC/PS system, phenol oxidation was mainly by ‧OH (50.7%) and ·O2

− (25.3%).
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1  Introduction
High-energy ball milling, characterized by mild reac-
tion conditions, high efficiency, low energy consump-
tion, and technical and economic feasibility, has become 
a widely used technique for engineering modification 
of nano (composite) materials (Kumar et  al. 2020; Lyu 
et al. 2017a; Naghdi et al. 2017; Gao et al. 2024). So far, a 
variety of materials based on ball milling have been suc-
cessfully synthesized and applied in water purification, 
including activated carbon (Nasrullah et  al. 2021), car-
bon nanotubes (Cheng et al. 2024), zero-valent iron (Sun 
et  al. 2024) and their modified composites, especially 
biochar (BC) (Lyu et  al. 2018a). The ball milling tech-
nology induces particle diffusion and dissolution during 
collisions and compaction, which promotes chemical 
reactions (Wang et  al. 2023). These reactions can sig-
nificantly alter the structure and properties of the mate-
rials, thereby enhancing the reactivity of the resulting 
composites (Yang et al. 2022). As in our previous study, 
iron disulfide (FeS2) was successfully incorporated with 
BC via ball milling, and the BC inhibited the agglom-
eration of FeS2, resulting in 3–25 times increase in the 
removal of Cr(VI) by the composites, in comparison to 
original and ball-milled BC and FeS2 (Tang et  al. 2021). 
This highlights the potential of ball milling in modulating 

material properties. However, traditional optimization of 
ball-milled materials has primarily focused on adjusting 
process parameters, such as increasing the milling speed 
or introducing chemical agents to modify material char-
acteristics (Wang et al. 2023; Ma et al. 2024; Cheng et al. 
2022). Innovative methods for systematically controlling 
and fine-tuning the properties of ball-milled nanocom-
posites are still lacking, especially outside of these tradi-
tional approaches.

Recent studies have emphasized the importance of 
atmospheric conditions during ball milling, which serve 
as a key factor influencing the physicochemical proper-
ties of the milled materials, yet remain underexplored 
(Liu et  al. 2024). Different atmospheric conditions, 
including air, nitrogen, and vacuum, can significantly 
affect the structure and adsorption/catalytic properties 
of the resulting materials. For example, Xu et  al. found 
that nitrogen and vacuum atmospheres are more condu-
cive to reducing the particle size of ball-milled biochar 
compared to air (Xu et al. 2021). During air-atmosphere 
milling, the oxidation process of oxygen and the binding 
of heteroatoms to carbon structure increase the oxygen-
containing functional groups of BCs. In contrast, ball 
milling in an oxygen-deficient atmosphere (such as nitro-
gen or vacuum) inhibits the formation of these functional 
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groups (Kumar et al. 2020). Moreover, surface functional 
groups play a significant role in determining the environ-
mental performance of ball-milled materials (Lyu et  al. 
2018a; Xiao et al. 2020a). For instance, the introduction 
of oxygenated functional groups such as carboxyl groups 
(–COOH) and hydroxyl groups (–OH) may have adverse 
effects on pollutant removal due to their primarily nega-
tive charge at natural pH, which can lead to electrostatic 
repulsion between the material and anionic pollutants 
like hexavalent chromium or pentavalent arsenic, thereby 
inhibiting pollutant removal (Yang et  al. 2019). Despite 
these observations, there is still insufficient understand-
ing of how atmospheric conditions during high-energy 
ball milling can alter the properties and reactivity of 
nanocomposites, and the underlying mechanisms of this 
modulation remain unclear.

Especially when variable iron ore is involved, it can 
further complicate the system. Iron (Fe), a common 
component in many catalytic materials, exists in various 
oxidation states, with Fe(II) and Fe(III) being the most 
prevalent (Huang et al. 2021). The redox flexibility of Fe 
makes it a hot material for modifying biochar and apply-
ing it in advanced oxidation processes (AOPs), such as 
persulfate (PS) activation (Rong et  al. 2019; Dong et  al. 
2017). PS is a widely used oxidant for environmental 
remediation and can be activated by Fe(II) in iron ore to 
generate highly reactive sulfate radicals (SO4

−·, Eqs.  (1)-
(3)), which effectively degrade a variety of organic pollut-
ants, including phenol (Lee et al. 2020; Xiao et al. 2020b; 
Giannakis et  al. 2021). Meanwhile, the large number of 
oxygen-containing functional groups, such as –OH and 
–COOH, possessed by biochar as a support material can 
be used as an electron donor to facilitate the electron 
transfer between the catalyst and PS in AOPs (Dai et al. 
2019; Liu et al. 2020). Therefore, combining iron ore with 
biochar can improve the performance of its composites 
and increase the overall efficiency of AOPs. However, 
increasing or maintaining the Fe(II) content in the mate-
rials is critical because Fe(III) is less active in persulfate 
activation and Fe(II) is readily oxidized to Fe(III) under 
aerobic conditions (Zhang et al. 2019). This raises a key 
question: can an anoxic ball milling atmosphere retain 
Fe(II) in iron ore/biochar composites to enhance their 
catalytic activity? Based on this, it can be hypothesized 
that oxygen in the air atmosphere may promote the oxi-
dation of Fe(II) to Fe(III), whereas nitrogen or vacuum 
atmospheres may retain a higher proportion of Fe(II), 
which in turn may improve the activation efficiency of 
PS.

(1)Fe(II) + S2O
2−

8
→ Fe(III)+ SO

−·

4
+ SO

2−

4

To verify this hypothesis, this study selected phenol, 
a persistent organic pollutant, as a model contaminant, 
and used siderite (FeCO3), a naturally occurring mineral, 
along with environmentally friendly biochar as research 
subjects. Siderite/biochar composites were prepared via 
ball milling under air, nitrogen, or vacuum atmosphere, 
and the catalytic performance of these composites in 
persulfate activation and phenol removal was investi-
gated to explore the effects of milling atmospheres. This 
study aimed to (1) determine the physicochemical prop-
erties of the ball-milled siderite/biochar composites 
prepared under different atmospheres; (2) evaluate the 
performance of the different composites in activating PS 
to degrade phenol; and (3) elucidate the potential mecha-
nisms underlying the changes in the physicochemical 
properties and PS activation performance of the compos-
ites prepared under different milling atmospheres. The 
results of this study will provide a deeper understand-
ing of how ball milling parameters, particularly atmos-
pheric conditions, can be utilized to optimize the design 
and performance of nanocomposites in environmental 
applications.

2 � Materials and methods
2.1 � Materials
In this work, all chemicals used were of analytical grade 
and all sample solutions were prepared with deionized 
water. Phenol, methanol (METH), tert-butyl alcohol 
(TBA), chloroform (CF), L-histidine (L-His), methyl phe-
nyl sulfoxide (PMSO), methyl phenyl sulfone (PMSO2), 
dimethyl sulfoxide (DMSO), 2,2,6,6-tetramethyl-4-pi-
peridinol (TEMP), and 5,5-dimethyl-1-pyrolin-N-oxide 
(DMPO) were acquired from Kmart Chemical Tech-
nology Co., Ltd. (Tianjin, China). Sodium persulfate 
(PS) was sourced from Jiangtian Chemical Technology 
Co., Ltd. (Tianjin, China). The natural siderite (SD) was 
obtained from Haoyu Stone Trade Firm (Guangzhou, 
China) in lump form, crushed and sieved through a 100-
mesh sieve before use. Feedstock biomass for pristine 
biochar and composite production, pine sawdust, was 
first washed three times with deionized water to remove 
surface impurities, air-dried, and then sieved through the 
1 mm sieve.

2.2 � Preparation of BM‑SD/BC composite
Biochar was produced according to the methodology 
of our previous study (Lyu et  al. 2018b, 2017b). Briefly, 
sieved pine sawdust was firstly dried in an oven at 80 °C 

(2)Fe(II) + HSO
−

5
→ Fe(III) + SO

−·

4
+ HO

−

(3)Fe(II) + HSO
−
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→ Fe(III) + SO

2−

4
+

·
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for 12  h, and afterwards put into an atmosphere fur-
nace (SQLF-1200, Shanghai Jujing Precision Instrument 
Manufacturing Co., Ltd, Shanghai, China) for 2 h of slow 
pyrolysis under nitrogen atmosphere at 700 °C to pro-
duce biochar. The biochar obtained was labeled as BC 
and used to prepare BM-SD/BCs.

To investigate the influences of different ball-milling 
atmospheres on composites, BM-SD/BC was prepared 
in air, nitrogen and vacuum atmosphere, respectively. 
The method for the ball-milling was similar to previous 
studies (Lyu et al. 2018a; Xu et al. 2021). 1.8 g mixture of 
siderite and biochar (siderite to biochar mass ratio = 1:1) 
and 180  g of steel balls (diameter = 5  mm) were placed 
in a stainless-steel jar (250  mL) to be positioned in the 
ball mill (F-P4000, Focucy Experimental Instrument 
Co., Ltd., Hunan, China). After the atmosphere in the 
stainless-steel jars was air, nitrogen (pumping nitrogen 
for 20  min) and vacuum (vacuuming with the vacuum 
pump), respectively, ball milling was operated (running 
at 300  rpm for 12  h, changing the direction of rotation 
every 3  h). The resulted ball-milled composites were 
named as A/BM-SD/BC, N/BM-SD/BC, V/BM-SD/BC, 
respectively. To investigate the impact of the mass ratio 
of siderite to biochar on the catalytic properties, the N/
BM-SD/BC composites with predetermined ratios (the 
mass ratios of siderite to biochar = 1:5, 1:3, 1:1, 3:1, 5:1) 
were prepared under nitrogen atmosphere (other condi-
tions were the same).

2.3 � Characterizations
The morphology and elemental distribution (C, O, and 
Fe) of the samples were characterized using scanning 
electron microscope (SEM) and energy dispersive spec-
trometer (EDS). The particle size distribution of the 
materials was measured using the centrifugal sedimen-
tation particle size analyzer (BT-1500, Bettersize, Liaon-
ing, China). The crystalline composition of material was 
analyzed using X-ray diffraction (XRD) to verify whether 
the composites had the structural features of the original 
components. The elemental composition and chemical 
state of the materials were examined by X-ray photo-
electron spectroscopy (XPS), and the surface functional 
groups existing in the materials were analyzed using fou-
rier transform infrared spectroscopy (FTIR). The elec-
trochemical properties of the materials were evaluated 
by electron-accepting capacity (EAC), electron-donating 
capacity (EDC) and linear scanning voltammetry (LSV). 
Moreover, the samples were measured for specific surface 
area and zeta potential. Electron paramagnetic resonance 
(EPR) experiments were applied with DMPO and TEMP 
as the spin-trapping agent to detect the reactive oxygen 
species (ROS) produced during persulfate activation. The 
concentrations of PMSO and PMSO2 were detected by 

high performance liquid chromatography (HPLC, Waters 
1525). The reaction intermediates were detected by liquid 
chromatography-mass spectrometry (LC–MS, Agilent 
1290 Infinity II, 6470 LC/TQ).

2.4 � Degradation experiments
The experiments were all performed at room tempera-
ture. 1.0 g L−1 of each material (BC, SD, BM-SD/BCs) and 
1.0 g L−1 of PS were added to a centrifuge tube contain-
ing phenol solution (50 mg L−1), the tube was then placed 
in the rotary mixer with rotation rate at 70 rpm for 2 h. 
After that, fraction of samples was sampled and filtrated 
through 0.22  µm polyethersulfone (PES) membranes. 
According to 4-aminoantipyrine spectrophotometric 
method (HJ 503–2009), the concentrations of phenol 
were measured by ultraviolet–visible spectrophotometer 
(UV-1801, Beijing Beifen Ruili Analytical Instrument Co. 
Ltd, Beijing, China) at 510  nm. To determine the effect 
of he adsorption property of each material on phenol 
removal, the phenol adsorption experiment with only 
material (without PS) was conducted under the same 
reaction conditions. And the control experiment with PS 
alone was carried out for comparison. Furthermore, the 
optimal conditions of siderite-to-biochar mass ratio, PS 
dosage, material dosage and initial pH value were inves-
tigated. In addition, quenching experiments were per-
formed to identify the role of active species in the system 
by adding TBA, METH, CF, L-His, PMSO, and DMSO as 
quenching agents, respectively.

3 � Results and discussion
3.1 � Effects of ball‑milling atmosphere on the properties 

of BM‑SD/BCs
In an attempt to systematically evaluate the impact of 
various ball milling atmospheres on the surface structure 
of biochar and its composites, the surface morphology of 
samples was characterized and analyzed by SEM. Based 
on the SEM images in Fig. 1a, it could be observed that 
the untreated biochar (BC) had complete and smooth 
surface structure with almost no tunneling and signifi-
cant pores. However, the surface of ball-milled sider-
ite-biochar composites (BM-SD/BCs) under different 
atmospheres underwent significant changes: all compos-
ites showed rough surfaces and micro- and nano-sized 
particle distributions (Fig.  1b–d). Further analysis by 
particle size statistics (Additional file 1: Fig. S1) showed 
that the N/BM-SD/BC composites had the smallest aver-
age particle size (3.02  μm), followed by V/BM-SD/BC 
(3.34  μm), while A/BM-SD/BC had the largest average 
particle size (3.66  μm). This observation suggested that 
the ball milling process significantly promoted particle 
fracture in both nitrogen and vacuum environments, but 
the vacuum environment might have generated negative 
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pressure inside the sample vials, inhibiting further par-
ticle fracture, which is in agreement with prior research 
(Xu et  al. 2021). Further, the elemental distributions of 
the material were affected as the surface morphology was 
significantly altered. To explore this, we used EDS map-
ping to analyze the distribution of iron in biochar and 
its composites. The findings revealed a marked enhance-
ment in the iron content within the BM-SD/BCs in con-
trast to the BCs, with N/BM-SD/BC exhibiting the most 
uniform distribution of iron. This indicated that siderite 
was not only successfully loaded onto the surface of bio-
char, but also well dispersed in the composites prepared 
by ball milling under nitrogen atmosphere. This uniform 
distribution was important for improving the catalytic 
performance of the composites as it could maximize the 
interaction surface between the materials and the con-
taminants and oxidants and delivered more active sites 
for enhanced phenol removal.

Moreover, the pore structure characteristics of the 
BC and BM-SD/BCs were further revealed by nitro-
gen adsorption–desorption isotherm analysis (Addi-
tional file  1: Fig. S2a). Each sample exhibited typical IV 

isotherms accompanied by H3 hysteresis loops, sug-
gesting that they mainly have mesoporous structures 
(Chen et al. 2024a). Combined with the porous structure 
parameters in Additional file  1: Fig. S2b and Table  S1, 
the pore diameters of these samples were mainly con-
centrated between 3.82 and 6.75  nm, confirming their 
mesoporous properties. It was significant to mention 
that the composites (BM-SD/BCs) exhibited a markedly 
increased specific surface area and pore volume com-
pared to the untreated BCs, aligning with the observa-
tions made through SEM analysis. However, the specific 
surface area of the three composites showed an inverse 
relationship with the particle size. The N/BM-SD/BC 
had a specific surface area of 187.6  m2  g−1, slightly, but 
not significantly, increased compared to A/BM-SD/BC 
(173.4  m2  g−1) and V/BM-SD/BC (175.5  m2  g−1). This 
might be attributed to the fact that a certain degree of 
agglomeration occurred between the nanoparticles dur-
ing ball milling under nitrogen environment (as shown 
in Fig.  1c), which partially suppressed the effect of spe-
cific surface area increase. Therefore, the effect of particle 
fracture on specific surface area during ball milling was 

Fig. 1  SEM and EDS mapping of C, O and Fe elements of biochar and composites
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twofold: (1) as particle size diminished, the specific sur-
face area increased correspondingly; and (2) the cluster-
ing of particles resulted in a decline of the specific surface 
area. Nonetheless, the composites prepared by ball mill-
ing were able to provide greater number of active sites to 
promote the PS activation, thus accelerating the phenol 
degradation process.

To further explore the crystal structure variations of 
the composites, the crystal structures of biochar, siderite 
and their composites were analyzed by XRD (Fig. 2a). In 
the BC samples, the wide peaks near 23.0° and 43.0° were 
attributed to the diffraction peaks of the carbon struc-
ture, while the distinct diffraction peak appearing at 26.6° 
corresponded to silica (SiO2) (Tang et al. 2021). For sider-
ite, the diffraction peaks at 24.8°, 32.0°, 42.3°, and 52.8° 
characteristically indicated that its main constituent was 
iron carbonate (FeCO3), in accordance with JCPDS No. 
29–0696 (Zhong et  al. 2023). Additionally, siderite con-
tained small amount of pyrite (FeS2) as a consequence of 
the fact that siderite is usually co-occurring with pyrite, 
whose diffraction peaks appeared at positions such as 
33.1° and 56.3° (JCPDS No. 42–1340) (Chen et al. 2024b). 
In the siderite-biochar composites ball-milled under dif-
ferent atmospheres, the characteristic diffraction peaks 
of BC almost completely disappeared or were signifi-
cantly weakened, probably due to the strong diffraction 
effect of Fe covering the diffraction peaks of carbon (Sun 
et al. 2024; Meng et al. 2022). However, the characteris-
tic peaks of siderite remained distinctly discernible in the 

composites with significantly enhanced intensity. This 
change might be attributed to the fact that the ball milling 
process did not break the structural stability of siderite, 
but instead increased the exposed surface area of siderite, 
which, together with the supporting effect of biochar, led 
to its homogeneous distribution in the composites, thus 
contributing to the enhancement of the intensity of the 
characteristic peaks of siderite (Acisli et al. 2017). Mean-
while, it was confirmed that siderite could be successfully 
loaded and tightly bound to the biochar matrix through 
the ball milling process.

FTIR spectroscopy was utilized for the detection 
of major functional group characteristics in different 
materials. As in Fig.  2b, for pristine BC, the functional 
groups were decomposed or reorganized due to the high-
temperature pyrolysis (700 °C) experienced during the 
preparation process, resulting in a relatively small num-
ber of functional group types, which were mainly char-
acterized by –OH (3422 cm−1) and C–O–C (1090 cm−1) 
functional groups (He et al. 2019). The flat peak at about 
3420 cm−1 of siderite was predominantly associated with 
the stretching vibration of the –OH bond, while the one 
at 1430 cm−1 was indicative of the C–O stretching vibra-
tion. Furthermore, the peaks observed at 864  cm−1 and 
740 cm−1 indicated the stretching and bending vibrations 
of CO3 (Zhong et al. 2023). Upon the combination of bio-
char and siderite through ball milling, the FTIR spectra 
of the composites not only retained the original func-
tional groups of the two, but also showed new absorption 

Fig. 2  XRD (a) and FTIR (b) of biochar, siderites and composites
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peaks at 1588  cm−1, which represented the C=C bond 
stretching vibration. This indicated that the functional 
groups on the surfaces of both were retained during the 
ball milling process, especially in the nitrogen atmos-
phere. Also, the ball milling treatment could incorporate 
new functional groups onto the surface of the mate-
rial or expose the functional groups that were originally 
masked (Lyu et al. 2018b). Further analysis showed that 
the detection of C=C and C–O functional groups on the 
surface of composites suggested the incorporation of sp2 
hybrid structures (π-electrons) and oxygen-containing 
functional groups (e.g., C–OH) within the materials, 
thereby aiding in enhancing the activation process of PS 
(Duan et al. 2015). In addition, the composites prepared 
by ball milling under different atmospheres also exhib-
ited changes in functional groups. As could be seen from 
Fig.  2b, the intensity of the characteristic peaks of N/
BM-SD/BC was higher than that of A/BM-SD/BC and 
V/BM-SD/BC, and this discrepancy might be due to the 
nitrogen atmosphere being more conducive to the frac-
ture and bonding of the particles, thereby exposing more 
functional groups. It might also be attributed to the pro-
tective effect of nitrogen on the structure of the material, 
avoiding excessive oxidation during ball milling and thus 
retaining more functional groups.

XPS analysis was employed to explore the elemental 
composition and its chemical state of the surface of the 
material. As depicted in Fig. 3a and detailed in Additional 
file  1: Table  S2, the XPS spectrum of BC revealed that 
its surface was primarily composed of carbon (C) and 
oxygen (O) elements. The peaks labeled as C1s and O1s 
occupied 87.64% and 10.35% at 284.82 eV and 532.11 eV, 
respectively. In contrast, BM-SD/BCs loaded with siderite 

by ball milling were mainly composed of three elements, 
namely C, O and Fe. Among them, the relative contents 
of oxygen and iron increased significantly to 20.17–
22.66% and 4.44–4.87%, respectively, indicating that 
siderite was effectively incorporated onto the surface of 
biochar. In particular, the surface oxygen content further 
increased to 32.65% after N/BM-SD/BC was involved in 
PS activation for phenol degradation, which is consist-
ent with the trend observed in other studies on carbon 
nanomaterials, suggesting that the surface oxidation pro-
cess was experienced during the N/BM-SD/BC reaction 
(Zhang et al. 2020). This oxidation might be related to the 
fact that the surface of N/BM-SD/BC was enriched with 
functional groups with electron transfer functions, which 
could participate in electron transfer during PS activa-
tion, leading to the oxidation of the material. In addition, 
N/BM-SD/BC was situated in an environment of intense 
oxidation, rich in free radicals and reactive intermediates, 
which might have further boosted the rate of oxidation 
occurring on the surface of the material, culminating in 
a significant increase in the oxygen content (Tang et  al. 
2018).

In order to further understand the effect of ball mill-
ing atmosphere on functional groups of BM-SD/BCs and 
their elemental changes and surface chemistry during 
the catalytic process, detailed analysis was conducted on 
high-resolution spectra of C1s and Fe2p. Figure 3b shows 
the distribution of functional groups on the surfaces of 
BM-SD/BCs, in which the summed C–O (285.53 eV) and 
O–C=O/C=O (288.32  eV) ratios of A/BM-SD/BC were 
higher, which might be related to the direct involvement 
of oxygen in the atmosphere; the presence of oxygen not 
only enhanced the oxygen-containing functional groups 

Fig. 3  XPS spectra of the BC and BM-SD/BCs before and N/BM-SD/BC after reaction with phenol: a survey, b C1s, c Fe 2p spectra
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on the surfaces, but also might have affected the stabil-
ity and activity of these functional groups in the stabil-
ity and activity in the catalytic reaction. In contrast, in 
N/BM-SD/BC and V/BM-SD/BC, the ratio of C–C/C=C 
was higher, and the total contents of C–O and O–C=O/
C=O were relatively reduced. These changes indicated 
that the anoxic atmospheres (nitrogen and vacuum 
atmospheres) could effectively inhibit the generation 
of some oxygen-containing functional groups and also 
made the surface more conducive to the activation reac-
tion of PS by stabilizing the π-electron system (C=C) 
(Zhang et al. 2020). After the activation of N/BM-SD/BC 
for the degradation of phenol by PS, the relative propor-
tion of C–C/C=C increased, but the proportion of C–O 
and O–C=O/C=O functional groups observed a decline. 
This change indicated that the functional groups were 
involved in electron transfer or bond rearrangement dur-
ing the catalytic reaction and were transformed during 
the reaction.

In addition, Fe2p spectral analysis (Fig.  3c) revealed 
the effect of the ball milling atmosphere on the chemi-
cal state of Fe. It was found that the highest Fe(II) con-
tent was found in N/BM-SD/BC (73.4%), followed by 
V/BM-SD/BC (67.0%) and A/BM-SD/BC (62.8%). This 
trend suggested that ball milling treatment with nitrogen 
and vacuum atmospheres helped to reduce the oxida-
tion of Fe(II) to Fe(III), thus maintaining higher levels of 
reduced Fe species. This finding was particularly impor-
tant for the activation of PS, since Fe(II) is an efficient 
electron donor, which significantly improves the electron 
transfer efficiency and facilitates the activation of PS in 
phenol degradation (Xiao et al. 2020b). After participat-
ing in the activation of PS for phenol degradation, the 
proportion of Fe(II) in N/BM-SD/BC decreased from 
73.4% to 62.1%, while the proportion of Fe(III) increased 
from 26.6% to 37.9%. This transformation of Fe(II)/Fe(III) 
ratio further proved that Fe(II) plays a key role in PS acti-
vation and phenol oxidation.

3.2 � Removal of phenol by BM‑SD/BCs activated PS
To investigate how the effect of ball milling atmosphere 
on the physicochemical properties of BM-SD/BCs mod-
ulates their reactivity, the activated PS degraded phenol 
was used as an example to reveal the role of ball milling 
atmosphere in modulating the properties of BM-SD/BCs 
by comparing the performance of different BM-SD/BCs.

3.2.1 � Selection of reaction system
The systems both without and with PS were constructed 
to investigate the effect of ball milling atmosphere on the 
performance of the materials in the activated PS degra-
dation reaction of phenol (Fig. 4a). In the systems with-
out PS, all types of catalysts (BC, SD, A/BM-SD/BC, N/

BM-SD/BC, and V/BM-SD/BC) showed no significant 
phenol removal effects, among which N/BM-SD/BC 
prepared under nitrogen atmosphere exhibited the high-
est phenol removal rate of 22.9%. This result could be 
ascribed to the characteristics of N/BM-SD/BC, which 
included greater specific surface area, higher pore vol-
ume, and rich surface functional groups. These were the 
result of the modulation of the ball milling atmosphere, 
which contributed to the enhancement of its ability to 
adsorb and react with pollutants. In the with PS reac-
tion systems, the phenol removal efficiency achieved by 
single PS was not satisfactory, indicating that reliance on 
PS alone did not spontaneously decompose the gener-
ated sulfate radicals (SO4

−·), and thus did not effectively 
degrade phenol. In comparison, the BC/PS system exhib-
ited a slight enhancement in phenol removal, with an 
increase of merely 3.1%. This result might be due to the 
presence of oxygen-containing functional groups on the 
the surface of biochar, which were able to activate PS to 
some extent, forming catalytic sites or facilitating elec-
tron transfer to generate sulfate radicals, which in turn 
oxidatively degraded phenol (Thi-Hai Anh and Oh 2019). 
However, the original scarcity of biochar in the diver-
sity of functional groups, along with its susceptibility to 
interference within complex environmental conditions, 
contributed to its underwhelming catalytic perfor-
mance. In contrast, the phenol removal was enhanced 
to 20.0% in the SD/PS system. This was credited to the 
fact that Fe2+ in siderite could effectively activate per-
sulfate and promote the degradation reaction of phenol. 
For the three composites (A/BM-SD/BC, N/BM-SD/BC, 
and V/BM-SD/BC), the introduction of PS significantly 
improved the phenol removal efficiency, which indicated 
the significant synergistic effect between BM-SD/BCs 
and PS in the catalytic degradation of phenol. BM-SD/
BCs could efficiently activate PS to generate active spe-
cies with higher oxidation potentials, including SO4

−· 
and ·OH, which enhanced the degradation rate of phe-
nol. Especially noteworthy was that the N/BM-SD/BC/
PS system exhibited the best phenol removal, indicating 
that the composites prepared by ball milling in nitrogen 
atmosphere possessed superior physicochemical proper-
ties and were more conducive to the activation of PS.

3.2.2 � Effects of critical operational factors
For the siderite and biochar composites employed in acti-
vating PS to degrade phenol, tuning the critical opera-
tional factors was essential to enhance material efficacy. 
The main influencing factors included the mass ratio of 
siderite to biochar, the amount of composites, the dos-
age of PS, and the initial pH value. To deeply examine the 
influence of these factors on the composite activity, the 
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composite N/BM-SD/BC, which was the most effective in 
degrading phenol, was selected for this study.

Firstly, the mass ratio between siderite and biochar sig-
nificantly affected the formation of the composites and 
their distribution of active sites. Figure 4b illustrates that 
the phenol removal efficiency varied significantly with 
different mass ratios of siderite to biochar in the com-
posites. The composites achieved peak phenol removal 
efficiency at the mass ratio of siderite to biochar of 1:1. 
However, when the proportion of siderite was higher (i.e., 
at mass ratios of 3:1 and 5:1), the phenol removal effi-
ciencies of the composites decreased significantly. This 
phenomenon could be explained by the fact that higher 
siderite ratios weakened the supporting role of biochar, 
thereby causing a decline in the specific surface area and 
porosity of composites, as well as reducing the availabil-
ity of surface functional groups and reactive sites, which 
in turn reduced their ability in catalyzing the degradation 
of phenol through the activation of PS. On the contrary, 
when the proportion of biochar exceeded that of sider-
ite (i.e., at mass ratios of 1:3 and 1:5), the phenol removal 

efficiency improved and continued to rise as the propor-
tion of biochar increased. This suggested that the boost 
in phenol degradation efficiency was primarily influ-
enced by the ability of biochar to adsorb phenol. Hence, 
the mass ratio of siderite to biochar at 1:1 was found to 
be the most effective combination for achieving the best 
phenol elimination.

Secondly, the dosage of composites was another key 
factor affecting the degradation efficiency. Figure 4c dem-
onstrates that the phenol removal efficiency progressively 
improved as the dosage of N/BM-SD/BC was augmented. 
Specifically, as the dosage of N/BM-SD/BC rose from 
0.25 to 2.0  g  L−1, there was a marked surge in the phe-
nol removal efficiency, escalating from 11.2% to 91.6%. 
This observation was understandable given the fact that 
increasing the dosage of N/BM-SD/BC ensured more 
active sites to effectively contact with phenol and PS, thus 
improving the removal efficiency. However, upon raising 
the N/BM-SD/BC dosage to 3.0 g L−1, the phenol removal 
rate saw only a marginal rise to 93.3%. This indicated 
that too much N/BM-SD/BC might lead to competition 

Fig. 4  Removal rates of phenol in different reaction systems a (Reaction conditions: [BC]0 = [SD]0 = [BM-BC/SDs]0 = 1.0 g L−1, [PS]0 = 1.0 g L−1, 
[phenol]0 = 50 mg L−1, initial pH = 6.5, reaction time = 120 min); Effect of siderite-to-biochar mass ratio in N/BM-BC/SD b (Reaction conditions: [N/
BM-BC/SDs]0 = 1.0 g L−1, [PS]0 = 1.0 g L−1, [phenol]0 = 50 mg L−1, initial pH = 6.5, reaction time = 120 min,); Effect of N/BM-BC/SD dosage c (Reaction 
conditions: [N/BM-BC/SD]0 = 0.25–3.0 g L−1, [PS]0 = 1.0 g L−1, [phenol]0 = 50 mg L−1, initial pH = 6.5, reaction time = 120 min); Effect of PS dosage d 
(Reaction conditions: [N/BM-BC/SD]0 = 2.0 g L−1, [PS]0 = 0.25–3.0 g L−1, [phenol]0 = 50 mg L−1, initial pH = 6.5, reaction time = 120 min); Effect of initial 
pH e (Reaction conditions: [BC]0 = [BM-BC/SDs]0 = 2.0 g L−1, [PS]0 = 1.0 g L−1, [phenol]0 = 50 mg L−1, initial pH = 3–11, reaction time = 120 min); 
Effect of reaction time f (Reaction conditions: [BC]0 = [BM-BC/SDs]0 = 2.0 g L−1, [PS]0 = 1.0 g L−1, [phenol]0 = 50 mg L−1, initial pH = 6.5, reaction 
time = 0–180 min)
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among active sites, which not only decreased the reaction 
performance per unit mass, but also increased the treat-
ment cost. Therefore, the optimal dosage was 2.0 g L−1.

Furthermore, the incorporation of PS served as a criti-
cal determinant in modulating the performance of the 
degradation process. The concentration of PS directly 
affected the production of ROS throughout the activa-
tion phase, subsequently governing the efficiency of phe-
nol degradation. Figure  4d illustrates that with the rise 
in PS concentration from 0.25 to 1.0  g  L−1, there was a 
corresponding increase in phenol removal from 55.2% 
to 91.0%. However, when the PS concentration reached 
1.5 g L−1, 2.0 g L−1, and 3.0 g L−1, the phenol removal did 
not increase significantly and even decreased. The reason 
for this could be that while higher concentrations of PS 
enhanced the utilization of active sites and produced an 
increased amount of ROS, excessive PS might undergo 
self-quenching and convert ·OH and SO4

−· to S2O8
−· 

and oxygen with lower oxidative capacity (Eqs. (4)–(6)) 
(Wang et al. 2019). Therefore, it was reasonable to select 
a PS concentration of 1.0 g L−1 for subsequent studies in 
order to ensure high phenol removal while reducing the 
operating cost.

3.2.3 � Effects of initial pH
It is well known that the solution pH value usually sig-
nificantly impacts the behavior of redox systems, because 
it not only determines the charge characteristics of the 
material surface, but also affects the efficiency of PS 
decomposition and the formation of ROS. Therefore, the 
influence of initial pH on the catalyst/PS phenol removal 
system was examined without the use of a buffer, with 
the findings presented in Fig. 4e. The small differences in 
phenol degradation rates among the BM-BC/SD/PS sys-
tems across distinct initial pH values indicated that the 
system efficacy was relatively stable over wide pH range. 
This phenomenon might be attributed to the strong acid-
ity of PS. Upon introducing PS and BM-BC/SDs into the 
solutions, the solutions pH rapidly decreased from 3–9 
to 2.78–3.08. Similarly, the pH of solutions initially at 
the pH of 11 saw swift decline to 3.69–3.85, as depicted 
in Additional file 1: Fig. S3a. At this time, the pH of the 
solution was below the point of zero charge (PZC) for 
the BM-BC/SDs (Additional file 1: Fig. S3b), and the sur-
face of the BM-BC/SDs carried positive charge, which 
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contributed to the adsorption of negative ions of PS 
(S2O8

2−) via electrostatic interaction, thus enhancing the 
activation of the PS and realizing more rapid and efficient 
synergistic effect (Damiri et al. 2020). These results indi-
cated that the oxidation process of PS could be carried 
out efficiently across broad spectrum of initial pH values 
(Yin et al. 2019). Therefore, the N/BM-S/BC/PS process is 
capable of degrading phenol effectively in practical appli-
cations, since the initial pH of real wastewater usually 
ranges from 5 to 9.

3.2.4 � Effects of ball milling atmosphere on the catalytic 
performance of BM‑SD/BCs

The experimental results showed that different ball mill-
ing atmospheres had a pronounced influence on the 
catalytic capabilities of BM-SD/BC composites in the 
phenol degradation reaction. Therefore, the influences 
of ball milling atmosphere on the catalytic performance 
of BM-SD/BC were deeply explored by comparing the 
performance of the composites prepared with three ball 
milling atmospheres in phenol removal under optimized 
reaction conditions. Figure  4f reveals that the pristine 
biochar (BC) exhibited low removal efficacy for phenol, 
achieving only 14.6%. However, all three composites 
prepared by ball milling significantly improved the phe-
nol removal efficiency and reached equilibrium within 
120 min. Particularly noteworthy was that the N/BM-SD/
BC composites obtained by ball milling under nitrogen 
atmosphere exhibited excellent adsorption and catalytic 
activation properties, with phenol removal efficiencies as 
high as 90.3%, which were significantly better than those 
of A/BM-SD/BC prepared under air atmosphere (73.8%) 
and V/BM-SD/BC prepared under vacuum atmosphere 
(81.3%). Simultaneously, the detailed examination of 
phenol degradation levels across different catalytic sys-
tems was conducted via total organic carbon (TOC) 
analysis. According to the data in Additional file  1: Fig. 
S4, the TOC removal in the N/BM-SD/BC/PS system 
reached 69.6%, which was higher than that of the A/
BM-SD/BC/PS system (53.6%) and the V/BM-SD/BC/
PS system (58.5%). This result further confirmed that the 
catalytic performance of the N/BM-SD/BC composite 
was significantly better than the other two composites 
under nitrogen atmosphere. The reason for this was that 
the nitrogen atmosphere might have better preserved 
the key active sites in the materials throughout the ball 
milling and promoted the homogeneous dispersion of 
the metal components, which significantly improved the 
efficacy of PS activation and the subsequent breakdown 
of phenol. For example, the minimum particle size and 
maximum specific surface area of N/BM-SD/BC favored 
increased exposure of active sites (e.g., Fe(II) and oxygen-
containing functional groups), which directly improved 
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its contact efficiency with PS. In contrast, composites 
ball-milled under air and vacuum atmospheres might 
not be as good as materials under nitrogen atmospheres 
in terms of distribution of active components and forma-
tion of active sites, which results in their lower catalytic 
performance. This difference in atmosphere ultimately 
determined the performance of the composites during 
persulfate activation by affecting their structural and 
chemical properties.

In addition, Additional file 1: Table S3 lists the experi-
mental results of this study as well as previously pub-
lished experiments on the degradation efficiency of 
different materials on organic pollutants. Upon compara-
tive analysis, it could be seen that N/BM-SD/BC per-
formed well in degrading phenol and showed significant 
advantages compared to previous studies. It was worth 
emphasizing thatin the present study, the effect of ball 
milling atmosphere on the physicochemical properties 
and catalytic performance of siderite/biochar composites 
was systematically investigated, and it was found that the 
composites prepared under nitrogen atmosphere per-
formed excellently in the degradation of phenol by acti-
vated PS, revealing that the ball milling atmosphere can 
be used as an important variable to optimize the design 
of highly efficient environmental catalysts, thus providing 
new ideas for their design and optimization.

3.3 � Mechanisms of activation of PS by BM‑SD/BC prepared 
under different ball milling atmospheres

The ball milling atmosphere affected the reactivity of 
BM-SD/BCs in activating PS for phenol removal by influ-
encing the physicochemical properties of BM-SD/BCs, 
which might also in turn affect the mechanism of their 
activation of PS. Therefore, the mechanism of PS activa-
tion by BM-SD/BCs under different ball milling atmos-
pheres was explored.

3.3.1 � Synergistic mechanisms of PS
Electrochemical characterization was used to verify the 
synergistic effect of PS. The oxidation and reduction cur-
rent response curves of the different systems were com-
pared (Additional file 1: Fig. S5a-c). In the presence of A/
BM-SD/BC, V/BM-SD/BC, N/BM-SD/BC composites 
alone, it was found that N/BM-SD/BC had higher EDC 
and EAC. This result suggested that N/BM-SD/BC had 
stronger redox capacity and was more likely to donate 
electrons during the reaction process, which in turn effi-
ciently activated the PS to produce free radicals, leading 
to a more effective degradation of phenol (Zhen et  al. 
2021). Meanwhile, the EAC and EDC of the BM-SD/BCs/
PS systems were significantly higher than those of the PS 
or BM-SD/BCs systems alone, suggesting that there was 
synergistic effect between PS and BM-SD/BCs to pro-
mote electron transfer. Further, the EDC in BM-SD/BCs/
PS/phenol increased significantly when phenol was intro-
duced into the systems, indicating that phenol donated 
electrons and was oxidized during the reaction. In addi-
tion, it was also evident from the LSV curves (Additional 
file 1: Fig. S5d) that among the systems of the three com-
posites with PS and phenol, the current was higher in the 
system of N/BM-SD/BC, which further confirms that N/
BM-SD/BC had stronger electron transfer ability.

3.3.2 � Identification of active species
Firstly, the generation of ROS in the reaction sys-
tem was detected by EPR technique with DMPO and 
TEMP as the trapping agents, and the characteris-
tic peaks of adducts of DMPO-OH (1:2:2:1), DMPO-
SO4

− (1:1:1:1:1), DMPO-O2
− (six-lined peaks), and 

TEMP-1O2 (1:1:1) were examined. As depicted in 
Fig.  5a, the distinctive signals for ·OH and SO4

−· radi-
cals were successfully observed in the BC/PS system, 
which suggested that the pristine BC could activate the 
PS to generate radicals. This activation process might 

Fig. 5  EPR spectra of BC and BM-SD/BCs and PS systems in the presence of DMPO (a, b); the removal of phenol in the presence of different 
scavengers (c) (Reaction conditions: [BC]0 = [BM-BC/SDs]0 = 2.0 g L−1, [PS]0 = 1.0 g L−1, [phenol]0 = 50 mg L−1, initial pH = 6.5, reaction time = 120 min)
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be associated with the functional groups with oxygen 
(such as –OH, –COOH, etc.) present on the BC sur-
face, which could serve as electron shuttles, facilitating 
the electron transfer process that enhances the break-
down of PS and the formation of radicals (Eqs. (7)-
(8)) (Thi-Hai Anh and Oh 2019). The intensities of the 
characteristic peaks of  DMPO-OH and DMPO-SO4

− 
adducts were significantly enhanced in the BM-SD/
BCs/PS systems, suggesting that the loading of siderite 
markedly improved the capacity of composites to acti-
vate PS to generate free radicals. Especially, the high-
est intensity of the characteristic peaks of free radicals 
was detected in the N/BM-SD/BC/PS system. This was 
attributed to its richer content of functional groups 
with oxygen and Fe(II) species. It was noteworthy that 
the intensities of DMPO-OH signals surpassed those of 
DMPO-SO4

− in all four materials/PS systems, indicat-
ing higher ·OH content in the system, which might be 
associated with the transformation of SO4

−· into ·OH 
(Eqs. (9)). In addition, six characteristic peaks belong-
ing to superoxide radicals (·O2

−) are clearly observed 
in Fig. 5b, which prove the existence of ·O2

− within the 
system. Similarly, the intensity of characteristic peaks 
of  DMPO-O2

− adducts in the BM-SD/BCs/PS systems 
was significantly superior to that observed in the BC/
PS system, especially in the N/BM-SD/BC/PS system. 
This further indicated that N/BM-SD/BC could activate 
PS efficiently and produced more free radicals. How-
ever, the TEMP-1O2 characteristic signal peak was not 
observed in any of the four materials/PS systems (Addi-
tional file  1: Fig. S6), which indicated that the ROS in 
the systems were mainly ·OH, SO4

−· and ·O2
−. With the 

progression of the reaction, a progressive increase in 
the content of the three free radicals (·OH, SO4

−· and 
·O2

−) was observed (as shown in Additional file 1: Fig. 
S7). This observation could be explained by the persis-
tent activation of PS by the materials, resulting in an 
elevated generation of free radicals and significantly 
enhancing the degradation of phenol.

where A is the BC or composites; Asuface-OO· and 
Asuface-O· are radicals.

Secondly, to further elucidate the reaction mecha-
nism, experiments designed to quench the active spe-
cies were conducted to assess the roles of various types 
of active species in the reaction. Typically, METH was 
used as a quencher to scavenge ·OH and SO4

−·, and 
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TBA was used to specifically scavenge ·OH radicals. 
Figure  5c demonstrates that the phenol removal rate 
was reduced with the addition of quenchers in the BC/
PS system, indicating that the pristine biochar was not 
only dependent on its adsorption capacity in phenol 
removal, but also closely related to the production of 
free radicals in the system.

In the three composites with PS systems, the addition 
of METH and TBA significantly inhibited the phenol 
degradation. However, compared to METH, TBA showed 
stronger inhibition, this occurrence could be ascribed to 
the following aspects: for one, large amounts of SO4

−· in 
the system were converted to ·OH radicals, and due to the 
extremely high rate of reaction (7.0 × 107 M−1  s−1) (Tang 
et al. 2018), the actual number of SO4

−· radicals involved 
in the reaction was low, which corresponded to the EPR 
test results. Meanwhile, in the process of quenching the 
radicals with METH, alcohol radicals (CH2OH·) might 
be generated, which could be participated directly to 
degrade phenol, thus partially compensating for the 
degradation of phenol (Yu et  al. 2019). Therefore, the 
quenching effect of METH was relatively weak; moreo-
ver, the strong hydrophilicity of METH hindered its effi-
cient adsorption onto the surface of material, whereas the 
free radicals (·OH and SO4

−·) produced at the surface of 
material would tend to adhere there and react with the 
pollutants, resulting in the inability of METH to give full 
play to its quenching effect (Zhang et al. 2020). Overall, 
these results demonstrated the coexistence of SO4

−· and 
·OH radicals, where the ·OH radicals were more signifi-
cant, comprising 50.7% of the total contribution to the 
phenol degradation efficiency within the N/BM-SD/BC/
PS system. To ascertain the potential involvement of ·O2

−, 
CF was used as a bursting agent for the experiments. Fig-
ure 5c demonstrates that as the result of inhibitory action 
of CF, the ·O2

− did participate in the reaction and con-
tributed to the phenol degradation, accounting for 25.3% 
of the phenol elimination within the N/BM-SD/BC/PS 
system. Similarly, L-His was chosen as a quencher for 1O2 
and the results showed that the phenol removal was not 
significantly reduced in the presence of L-His, further 
confirming the absence of 1O2 in the systems.

Thirdly, recent reports have shown that Fe(IV) may 
be present and involved in the reaction process in iron-
based AOPs (Wang et  al. 2024). To verify the presence 
of Fe(IV), the PMSO was commonly added to quantify 
Fe(IV). As PMSO was converted to PMSO2 via an oxy-
gen-atom transfer step with Fe(IV), this was significantly 
different from the free radical-based oxidation pathway 
(Li et al. 2024). Additional file 1: Fig. S8 illustrates PMSO 
degradation and PMSO2 generation in different materi-
als/PS systems. Among them, no PMSO2 generation was 
detected in the BC/PS system; whereas, there was a trace 
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amount of PMSO2 generation in the BM-SD/BCs/PS sys-
tem, indicating the presence of Fe(IV) in those system. 
Meanwhile, since PMSO and DMSO could be oxidized by 
Fe(IV) to generate the corresponding sulfone, thus weak-
ening the role of Fe(IV) in the system, PMSO and DMSO 
could also be considered as quenchers of Fe(IV). Based 
on this, the effect of the presence of PMSO and DMSO 
on the phenol degradation performance of the system 
was further investigated (Fig.  5c). The results showed 
that the removal of phenol by the BM-SD/BCs/PS sys-
tem was only slightly reduced in the presence of PMSO 
and DMSO, which indicated that Fe(IV) did not play an 
important role in the degradation of phenol despite its 
presence in the system.

3.3.3 � Analysis of reaction intermediates
To further elucidate the degradation mechanism of 
phenol, the reaction intermediates in the N/BM-SD/
BC/PS system were analyzed by LC–MS. As shown in 
Additional file  1: Fig. S9, the peak of phenol (m/z = 94) 
was significantly attenuated after treatment with this 
system, while several new peaks appeared, which cor-
responded to the intermediates of phenol degradation, 
such as P-benzoquinone, O-benzoquinone, fumaric acid, 
and maleic acid, respectively (Additional file 1: Table S4 
for details). These results indicated that phenol was effi-
ciently transformed in this system. Based on the results 
of LC–MS and EPR experiments, we proposed the deg-
radation pathway for phenol (Additional file 1: Fig. S10): 
firstly, the 2nd or 4th carbon atom on the phenol mol-
ecule was attacked by ‧OH or ‧O2

− radicals to produce 
catechol or hydroquinone (Li et al. 2020). Subsequently, 
the O–H bonds in these products were further attacked 

to produce O-benzoquinone and P-benzoquinone. Next, 
the benzene ring in these intermediates was further 
subjected to attacks by free radicals, resulting in ring 
opening of the benzene ring to produce ring-opening 
products and small-molecule acids (e.g., fumaric, maleic, 
and oxalic acids) (Khoshtinat et  al. 2021), which were 
ultimately degraded to CO2 and H2O.

In summary, different ball milling atmospheres sig-
nificantly affected the physicochemical properties of the 
BM-SD/BCs composites in several ways, thereby modu-
lating their reactivity in PS activation (Fig. 6). Firstly, ball 
milling under different atmospheres affected the surface 
structure, specific surface area and pore structure of the 
materials, altering the opportunities for contact with 
contaminants and oxidants. Secondly, the anoxic atmos-
pheres (nitrogen and vacuum atmospheres) elevated 
the proportion of Fe(II) in the materials and enhanced 
the generation of free radicals. In addition, the nitro-
gen atmosphere effectively promoted the stability and 
distribution of functional groups, which were beneficial 
in facilitating electron transfer during the reaction pro-
cess. Together, these properties enabled the BM-SD/BCs 
prepared with different atmospheres to exhibit different 
catalytic activities, contributing to the understanding and 
optimization of the potential application of this compos-
ite in advanced oxidation processes.

3.4 � Potential practicability of BM‑SD/BCs
In order to investigate the potential application of 
BM-SD/BCs, the concentrations of Fe(II) and Fe(III) in 
the reaction system were first quantitatively analyzed by 
phenanthroline spectrophotometry. As expected, no iron 
leaching was detected in the BC/PS system due to the 

Fig. 6  Effects of different ball milling atmospheres on the properties and activities of BM-SD/BCs
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extremely minute amount of iron content, as shown in 
Additional file 1: Fig. S11a. In contrast, slight iron leach-
ing was observed in the BM-SD/BCs/PS systems with 
total iron concentrations of 1.08 mg L−1 (A/BM-SD/BC/
PS), 1.28 mg L−1 (N/BM-SD/BC/PS), and 1.22 mg L−1 (V/
BM-SD/BC/PS). It was noteworthy that Fe(III) accounted 
for more than 85% of the total Fe leached in these three 
BM-SD/BCs/PS systems. This phenomenon was likely 
due to the participation of leached Fe(II) in the PS activa-
tion process, which in turn was oxidized to Fe(III). More 
critically, these leached Fe ion concentration levels were 
below the EU’s discharge standards for Fe (2  mg  L−1) 
(Zhao et  al. 2022). This result strongly confirmed the 
environmental compatibility of BM-SD/BCs .

To further evaluate the durability of N/BM-SD/BC, the 
continuous flow reactor consisting of catalyst-filled col-
umns was constructed. As shown in Additional file  1: 
Fig. S11b, the removal rate of phenol was maintained 
at 100% for the first 5 h of continuous operation, which 
demonstrated an extremely efficient pollutant degrada-
tion capability. However, with the increase of operation 
time, the removal rate began to decrease gradually. The 
removal rate was stabilized at 70% in the 36th h, and then 
decreased to 45% in the 72nd h. This might be attributed 
to the fact that some intermediates generated during the 
reaction process adsorbed and occupied the active sites 
of the catalysts, thus inhibiting the catalytic activity. Even 
so, from the overall experimental results, N/BM-SD/
BC still showed excellent pollutant degradation durabil-
ity under PS activation conditions. This means that N/
BM-SD/BC is expected to maintain stable catalytic per-
formance for a long period of time and degrade pollut-
ants efficiently under PS activation conditions in practical 
application scenarios. 

4 � Conclusions
In this study, we systematically investigated the modu-
lation effect of ball milling atmosphere on the physico-
chemical properties and catalytic activity of the siderite/
biochar composites (BM-SD/BCs). It was shown that N/
BM-SD/BC prepared under nitrogen atmosphere exhib-
ited the best catalytic performance in PS-activated degra-
dation of phenol, which was significantly better than that 
of the composites under air and vacuum environments. 
This enhancement mainly stems from the fact that the 
nitrogen environment effectively reduces the oxidation 
of Fe(II), enhances the reducing activity of the materials, 
and promotes the exposure of surface functional groups, 
providing ideal conditions for radical generation and 
electron transfer. Taken together, the remarkable modu-
lation of material activity and structural properties by 
ball milling atmosphere reveals that ball milling atmos-
phere can be used as an important design variable in the 

synthesis and optimization of highly efficient environ-
mental catalysts, which provides a new direction for the 
research and application of persulfate activation and pol-
lutant degradation. 
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