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A B S T R A C T   

Fe(IV) is typically formed under acidic or neutral conditions while its formation mechanism and impacts on 
pollutant decomposition have been overlooked, particularly in persulfate (PS) systems. In this study, an iron- 
carbon composite (Fe-BC250) was prepared at a low-temperature (250 ◦C) to explore the PS activation and Fe 
(IV) formation processes under a wide range of pH conditions. Fe(IV) was the main reactive species in the iron- 
carbon composite/PS system, and Fe species promoted the graphitization of biochars. The existence of Fe(IV) in 
the Fe-BC250/PS system was identified by in situ Raman, Mössbauer spectrum, and methyl phenyl sulfoxide 
probe (PMSO) experiments. Under alkaline conditions, the solution pH decreased because hydrolyzed Fe2+

generated H+, and surface Fe(II) reacted with PS to form Fe(IV). The Fe-BC250/PS system was superior in 
removing contaminants under alkaline conditions compared to the Fe2+/PS system, due to the slow release of 
Fe2+ from Fe-BC250. This study offers new insights into the Fe(IV) formation mechanism in biochar/PS systems 
under a wide range of pH conditions and provides a theoretical basis for applying low-cost iron-carbon com-
posites in water treatment.   

1. Introduction 

Highly efficient and low-cost iron-carbon composites are widely 
regarded as satisfactory persulfate (PS) activators [1]. The valence state 
of iron can also be well manipulated during thermal treatment [2]. For 
instance, zero-valent iron (Fe0) or iron oxides are obtained under high- 
temperature pyrolysis (>400 ◦C) and reduction [3,4], resulting in iron- 
carbon composites with high catalytic performance (see related research 
papers listed in Table S1). However, iron-carbon composites pyrolyzed 
at low temperatures (<300 ◦C) are less explored. Given the low energy 
consumption and high yields of products from low-temperature pyrol-
ysis, iron-carbon composites pyrolyzed at low temperatures have the 
advantages of environmental friendliness compared with conventional 

iron-based biochar. 
Sulfate radicals (SO4

•− ), hydroxyl radicals (HO•), and singlet oxygen 
(1O2) are the commonly detected reactive oxygen species (ROS) in iron- 
based catalysts/PS systems [5]. High-valent iron species (especially Fe 
(IV)) have recently been detected as contributors to advanced oxidation 
processes (AOPs) [6–8]. Although the redox potential of Fe(IV)(E0(Fe 
(IV)/Fe(III)) = 2.0 V) is lower than that of HO•(E0(HO•/H2O) = 2.72 V) 
and SO4

•− (E0(SO4
•− /SO2−

4 = 2.52–3.08 V), the Fe(IV) pathway has an 
anti-interference capacity to the background factors (inorganic anions 
and natural organics) and can selectively degrade pollutants in actual 
wastewater [9,10]. To the best of our knowledge, Fe(IV) is mainly 
produced from Fe2+ or some solid iron-based catalysts oxidized by 
peroxides (Table S2). The presence of Fe(IV) can be evidenced by 
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various characterizations, including Mössbauer spectroscopy and in situ 
Raman spectroscopy [11–13]. Furthermore, several studies show that Fe 
(IV) is only formed in acidic or neutral solutions [14,15], whereas few 
studies have explored the formation of Fe(IV) over a wide pH range, 
particularly in alkaline environments. 

As a widely used collector in flotation, potassium butyl xanthate (BX) 
has become a major organic pollutant in mineral processing wastewater 
[16]. Some studies report that Fe(IV) can couple with and degrade the S 
atoms in pollutants [10,13]. Based on its sulfur-containing groups, BX 
was selected as the target contaminant in this study to explore novel 
pathways for removing sulfur-containing pollutants in the Fe-BC250/PS 
system. 

In this study, we prepared an iron-carbon composite at a low tem-
perature (250 ◦C). The physical and chemical properties of the com-
posites were investigated, and their catalytic performances were 
evaluated. Active species were identified using various methods, 
including quenching experiments, methyl phenyl sulfoxide probe 
(PMSO) probe experiments, electron paramagnetic resonance (EPR), 
electrochemical analysis, in situ Raman spectroscopy, and Mössbauer 
spectroscopy. Fe(IV) formation was further studied over a wide pH 
range, and the mechanism of the initial fast oxidation stage during BX 
degradation was investigated. As such, our work provides novel insights 
and a theoretical basis for the future application of low-temperature 
iron-carbon composite materials, and offers new perspectives on the 
study of Fe(IV) in AOPs. 

2. Materials and methods 

2.1. Materials and chemicals 

Details of materials and chemicals are provided in Text S1. 

2.2. Preparation of low-temperature iron-carbon composites 

The iron-carbon composite was pyrolyzed at a low temperature using 
a facile method. Waste wood shavings were selected as biomass feed-
stocks. The wood shavings were crushed and passed through a 100-mesh 
sieve. Then, the sieved wood shavings and ferric chloride hexahydrate 
(FeCl3⋅6H2O) were mixed at a mass ratio of 3.6:1 and ball-milled for 40 
min at 300 rpm. The low-temperature iron-carbon composite was ob-
tained from the pyrolyzed mixture in a tube furnace at 250 ◦C for 1 h 
under N2 flow, named Fe-BC250. The Fe-BC250 was weighed to obtain 
an 80 % yield. The solid products obtained from the pyrolysis of 
FeCl3⋅6H2O or ball-milled biomass in a tube furnace at 250 ◦C were 
denoted as FeCl3⋅6H2O250 and BC250, respectively. Information on the 
characterization of the materials is provided in Text S2. 

2.3. Batch experiment 

The catalytic properties of the materials prepared for degradation of 
BX were implemented in a 250 mL conical flask containing 0.1 g L− 1 

biochar, 0.1 mmol/L PS, and 20 mg L− 1 BX, and reacted in a shaker (150 
rpm/min) at 25 ◦C. If not otherwise specified, the solution pH was 6.85. 
A 3 mL sample was taken at set time intervals and quenched with 30 μL 
of 1 mol/L sodium thiosulfate pentahydrate, and then filtered through a 
0.22 μm PTFE filter. The BX concentration was detected and quantified 
using a high-performance liquid chromatography (HPLC) (Agilent 1100, 
USA). The influences of environmental factors, including pH, anions, 
and natural organic matter, were also studied. All experiments were 
repeated three times. The active substances were identified by quench-
ing experiments. The electron transfer process of the system was 
demonstrated by electrochemical tests, and the existence and function of 
Fe(IV) were confirmed by a PMSO probe experiment, in-situ Raman 
spectroscopy test, and Mössbauer test (as detailed in Text S3-S5). 

2.4. Analysis methods 

The BX, PMSO, and PMSO2 concentrations were quantified by HPLC 
equipped with a UV–vis detector using an Extend-C18 (5 μm, 4.6 × 250 
mm) column. The mobile phase employed to assess the concentration of 
BX was acetonitrile and 0.05 mol/L ammonium acetate solution 
(adjusted pH to 9.5 with ammonia) at a 25:75 vol ratio. The flow rate of 
1 mL min –1. BX was identified using the UV mode at 301 nm. The mobile 
phase (acetonitrile: H2O = 2:8; flow rate:1 mL min –1) was used to 
quantify the PMSO and PMSO2 concentrations. PMSO and PMSO2 were 
tested in UV mode at 215 nm. The Fe2+ concentration was measured 
using the 1,10-phenanthroline method on a UV–vis spectrophotometer 
at 530 nm (Shimadzu, Japan) [17]. The total Fe content was determined 
using a flame atomic absorption spectrometer (PinAAcle900F, USA). 
The concentration of the persulfate anion (S2O8

2− ) was investigated by 
potassium iodide spectrophotometry using a UV–vis spectrophotometer 
at 400 nm. Free radical species were measured on an EPR instrument 
(Bruker emxplus-6/1, Germany). 

3. Results and discussion 

3.1. Characterizations of low-temperature iron-carbon composites 

Phase identification of Fe-BC250 was performed by X-ray diffraction 
(XRD) analysis to obtain material composition information (Figure S1). 
The BC250 sample exhibited broad diffraction peaks at 15.6◦ and 22.1◦

of 2θ values, which could be ascribed to the amorphous carbons in 
biochar [18]. In comparison, for Fe-BC250, the peak was weaker, 
manifesting a significant change in its intrinsic carbon characteristics. 
Six new diffraction peaks were observed, which can be indexed to 
FeCl2⋅4H2O (JCPDS: No.71-0668) of (100), (002), (120), (102), 
(122), and (023). Additionally, the FeCl2 signal was observed in the 
Mössbauer spectra (Fig. 4b-d). The FeCl3⋅6H2O250 XRD pattern illus-
trates the classic FeOCl (JCPDS: No.74-1369) phase. 11.1◦ is indexed to 
the (010) facet, and the diffraction peak at 26.3◦ arises from the (110) 
plane. FeCl2 was only formed when biomass and FeCl3⋅6H2O were co- 
pyrolyzed, which may be due to the reduction of FeCl3⋅6H2O by the 
gas generated during biomass pyrolysis, which is also consistent with 
previous reports [2]. 

The morphologies and microstructures of the catalysts were explored 
using a scanning electron microscope (SEM). BC250 exhibited a blocky 
morphology (Figure S2a-b), and there were nano-sized particles on the 
surface of Fe-BC250 (Figure S2c-f). The detailed chemical composition 
of Fe-BC250 was further analyzed using elemental mapping (Figure S3) 
and EDS images (Figure S4). Figure S3 shows that Fe-BC250 had C, O, Cl, 
and Fe elements. Additionally, the EDS results (Table S3) show that the 
Cl and Fe atomic ratio in Fe-BC250 was approximately 2:1, further 
proving the formation of FeCl2, which coincides with the XRD results. 
BC250 showed an amorphous morphology (Figure S5a), while Fe-BC250 
featured a layered structure (Figure S5b). This may be because the added 
Fe promoted graphitization generation [19]. Lattice fringes with a 
spacing of approximately 0.2138 nm can also be seen in Figure S5c, 
which match well with the (122) plane of FeCl2⋅4H2O. 

The surface chemical composition of iron-carbon composites was 
investigated by X-ray photoelectron spectroscopy (XPS), and the valence 
state information of the elements was obtained (Figure S6). The full Fe- 
BC250 spectrum confirmed the existence of C, O, Fe, and Cl 
(Figure S6h). The Cl 2p spectrum could be deconvoluted into two peaks, 
198.6 eV and 200.3 eV, for Fe-Cl (Figure S6g) [20]. The content of Cl- in 
the test system was very low and, therefore, had little effect on the 
catalytic oxidative degradation reaction. The C 1 s spectrum was divided 
into four types of peaks, corresponding to C–C, C–O, O–C––O, and C 
(π-π*), respectively (Figure S6a-b). Among them, the C–C proportion 
was the highest (71.58 %). The relative C–C intensity decreased with 
increased pyrolysis temperatures, while the C–O content increased due 
to the progressive aromatic structure condensation at higher 
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temperatures [21]. The 284.8 eV peak corresponding to sp2 hybridized 
carbon was observed for Fe-BC250. The 284.8 eV peak corresponding to 
sp2 hybrid carbon was also confirmed to be graphitic carbon in Fe- 
BC250 [22]. After catalytic oxidative degradation, the percentage of 
sp2 hybrid carbon decreased from 71.6 % to 67.7 %, suggesting that the 
graphitic structures in Fe-BC250 might participate in the reaction pro-
cess. Two peaks were fitted in the O 1 s spectrum, corresponding to C–O 
and C––O, in which the content of C–O was reduced from 59.1 % to 
46.27 %, demonstrating that these functional groups are potential active 
sites in AOPs (Figure S6c-d). The same conclusion was obtained by 
monitoring the changes of oxygen-containing functional groups before 
and after the reaction by Fourier transform infrared (FTIR) spectroscopy 
(Figure S7a). Two peak types were decomposed in the Fe 2p spectra, and 
711 eV and 723.4 eV were assigned to Fe2p3/2 (FeCl2) and Fe2p1/2 
(FeCl2) peaks, which supported the XRD and EDS findings (Figure S6e-f). 
After the reaction, the Fe(III) proportion increased significantly, while 
the Fe(II) content decreased, revealing that Fe(II) was involved in the 
catalytic degradation process. 

The surface defect of the prepared material was probed by Raman 
spectroscopy. The appearance of the G-band was related to the 
stretching vibration of sp2 carbon [19]. Figure S7b showed that the G- 
band appeared in Fe-BC250, indicating the presence of graphitic carbon, 
while no G-band occurred in BC250. Thus, adding Fe promoted the 
formation of graphitized structures. After the catalytic oxidative 
degradation reaction, the G-band disappeared. In contrast, the G-band 
did not disappear for Fe-BC250 in pure water without persulfate. 

Therefore, graphitic carbon played an essential role in persulfate acti-
vation. The process of pollutant degradation loses electrons while the 
active species gains them, and the graphitized carbon may be able to 
accelerate the shuttling of electrons during this process of electron 
exchange. 

3.2. Catalytic removal of BX in different systems 

Fe-BC250 exhibited poor adsorption toward BX (Fig. 1a) due to its 
small specific surface area (SSA) of 3.78 m2/g. The BX removal rate in 
the PS-alone system was 2.8 %, indicating that PS had a poor oxidation 
effect on BX. The adsorption capacity of Fe-BC250 at different pH values 
was also investigated, and Fe-BC250 adsorbed poorly on BX at pH 6–10 
(Figure S18). Compared to BC250, Fe-BC250 exhibited enhanced BX 
removal rates in the PS system, reaching 94.6 % in 30 min. Although the 
FeCl3⋅6H2O250/PS system reached a similar BX-removal efficiency in 
30 min compared to the Fe-BC250/PS system, the kobs,BX in the 
FeCl3⋅6H2O250 /PS system was only 0.09 min− 1, which was much lower 
than that of the Fe-BC250/PS system (0.27 min− 1) (Figure S8). These 
results show that the Fe-BC250/PS system exhibited good performance 
with respect to PS activation and BX degradation. The Fe-BC250/PS 
system exhibited better catalytic degradation performance for BX for 
the following reasons: first, FeCl3⋅6H2O250(FeOCl) activates oxidants 
through the free radical pathway to degrade organic matter [23–25], 
and Fe(IV) is the dominant pathway of the degradation of pollutants 
containing sulfur functional groups [10,13]; second, the release of Fe2+

Fig. 1. BX removal efficiency in the different systems (a); BX degradation under different initial pH conditions (b); Influences of coexisting anions and humic acids on 
BX removal in the Fe-BC250/PS system (c). The apparent rate constant (kobs) of BX removal of c (d). ([BX] = 20 mg/L, [Fe-BC250/BC250/ FeCl3⋅6H2O250] = 0.1 g/L, 
[PS] = 0.1 mmol/L, [Cl− ] = 4 mmol/L, [NO−

3 ] = 2 mmol/L, [SO2−
4 ] = 2 mmol/L, [HCO3

− ] = 0.1 mmol/L, [HA] = 10 mg/L, T = 25 ◦C). 
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in Fe-BC250 is a homogeneous reaction, and the rate of degradation is 
faster than that of non-homogeneous reactions. 

3.3. Effect of water matrix 

The performance of advanced oxidation systems can be affected by 
solution pH [26,27]. Thus, the pH-dependent behavior of the Fe-BC250/ 
PS system was surveyed. Fig. 1b illustrates that the BX degradation ef-
ficiency decreased slightly when the initial solution pH was increased 
from 6 to 10. Via calculating the apparent rate constants of BX removal 
under different pH conditions. As the initial solution pH increased from 
7 to 10, kobs, BX, decreased from 0.30 min− 1 to 0.17 min− 1. As the re-
action rate greatly accelerates at pH 6, most studies have been con-
ducted under acidic conditions. Thus, we did not perform further 
experiments below pH 6. Furthermore, as the solution pH increases, the 
catalytic oxidative degradation reaction is inhibited, and, therefore, we 
do not discuss strongly alkaline environments (pH > 10). BX degrada-
tion was favorable under acidic conditions, whereas the BX removal rate 
was inhibited under alkaline conditions. This may be related to the 
poorer catalytic performance of Fe(II) under alkaline conditions than 
under acidic condition. 

Considering the ubiquitous distribution of inorganic anions and 
natural organic matter in mine wastewater, the effects of these back-
ground species on BX degradation were investigated (Fig. 1c). The 
coexistence of Cl− promoted BX degradation, and kobs, BX, of BX 
increased to 0.31 min− 1 in 30 min, which may be attributed to the fast 
reaction between Cl− and Fe(IV), which further forms chlorine- 
containing active substances. The redox potentials of chlorine radicals 
such as Cl• and Cl2•− are 2.4 V and 2.0 V, respectively (Eqs. (1)) [28], 
which increased the BX removal efficiency. In contrast, the existence of 

HCO3
− inhibited BX degradation for the following reasons: (i) HCO3

− and 
SO4

•− react to generate HCO3
•− , but the redox potential of SO4

•− is much 
higher than that of HCO3

•− [29]; (ii) HCO3
− provides an alkaline envi-

ronment that inhibits pollutant degradation; (iii) HCO3
− undergoes a 

double hydrolysis reaction with Fe2+ to generate Fe(OH)2, which is 
oxidized to form Fe(OH)3, and Fe2+ is precipitated, which reduces the 
degradation rate of pollutants. By calculating the apparent rate con-
stants of BX removal under different conditions, NO−

3 , SO2−
4 , and humic 

acid (HA) had little impact on the apparent rate constant of BX. 

Cl⋅ +Cl− →Cl⋅−
2 (1) 

The operational stability of Fe-BC250 was also evaluated 
(Figure S9a). After each operation, only 0.1 mmol/L PS and 20 mg/L BX 
were added to the system. After three cycles, the Fe-BC250/PS system 
still had a good removal effect on BX. These results show that the sta-
bility of Fe-BC250 was satisfactory. The slower reaction rate in the 
subsequent cycles may be related to the disappearance of the G band in 
the first experimental cycle. Additionally, the application effect of the 
Fe-BC250/PS system in real water was evaluated using water from the 
mining area in Guangxi, China (Table S4), to which 20 mg/L BX was 
added (Figure S9b). Compared with the removal rate of BX in ultrapure 
water (94.6 %), the degradation rate of BX in the mining area waste-
water after 30 min was 92.3 %, which was only slightly inhibited, 
indicating that Fe-BC250/PS has the potential for practical application. 

3.4. Active species identification 

To corroborate the reactive species in the catalytic oxidation 
degradation, quenching and EPR experiments were performed. In the 
Fe-BC250/PS/DMPO and Fe-BC250/PS/TEMP systems, the signals of 

Fig. 2. Quenching experiments of the Fe-BC250/PS system with different scavengers (a), and EPR spectra in the Fe-BC250/PS system (b-d). ([BX] = 20 mg/L, [Fe- 
BC250] = 0.1 g/L, [PS] = 0.1 mmol/L, T = 25 ◦C, [MeOH, TBA, Phenol, FFA] = 100 mmol/L, p-BQ = 0.2 mmol/L, DMSO = 10 mmol/L). 
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DMPO-HO•, DMPO-SO4
•− , and TEMP-1O2 were detected, but the in-

tensity of the signals remained unchanged at 1, 5, and 10 min (Fig. 2b 
and 2d). This result is contrary to many previous reports [18,30]. This 
illustrates that the generation of HO•, SO4

•− , and 1O2 in the Fe-BC250/PS 
system was not sufficient. Thus, the system cannot provide enough ROS 
for subsequent oxidation reactions, which verifies that HO•, SO4

•− , and 
1O2 are not the primary ROS in the Fe-BC250/PS system. Adding a 
higher concentration of the quencher than the oxidizer can provide the 
effect of quenching. Methanol (MeOH) is used as a scavenger for HO•

and SO4
•− (kHO• + MeOH = 3.2 × 106 M− 1s− 1, kSO4•- + MeOH = 9.7 × 108 

M− 1 s− 1) [31], and tert-butanol (TBA) is an effective HO• scavenger 
(kHO• + TBA = (3.8–7.6) × 108 M− 1s− 1, kSO4•- + TBA = (4–9.1) × 105 

M− 1s− 1). Furfuryl alcohol (FFA) was added as a scavenger for 1O2 
(k1O2 + FFA = 1.2× 108 M− 1s− 1) [32]. When MeOH, TBA, or FFA 
were added at a molar concentration 1000 times that of PS, there was no 
inhibitory effect on the BX removal efficiency, indicating that HO•, 
SO4

•− , and 1O2 were not the main ROS for BX degradation (Fig. 2a). 
Superoxide radicals (O2

•− ) are also detected. Under acidic conditions, 
O2
•− reacts with hydrogen ions to form peroxy-hydroxyl radicals (HO2

•) 
[29]. Because of its weak oxidizing ability [33], HO2

• was not the main 
active species in the reaction process. To discern the role of O2

•− in the 
degradation of BX, P-benzoquinone (p-BQ) was added as a scavenger for 
O2
•− (kO2•− + p-BQ = (0.9–1.0 × 109 M− 1s− 1) [34]. When p-BQ at a molar 

concentration two times that of PS were added, the BX degradation rate 
was not affected (Fig. 2a). Although the intensity of HO2

• in the EPR 
signal increased with time, the addition of scavenger did not affect the 
degradation of BX in the quenching experiments. Therefore, HO2

• was 
not the main ROS for BX degradation. 

To further exclude the effect of surface radicals, more hydrophobic 
phenol (kHO• + phenol = 6.6 × 109 M− 1s− 1, kSO4•- + phenol = 8.8 × 109 

M− 1s− 1) was used to scavenge the surface free radical. In the case of 
phenol at a molar concentration 1000 times that of PS, the BX removal 
rate was not affected. Thus, surface free radicals did not play a major 
role in the Fe-BC250/PS system. Dimethyl sulfoxide (DMSO) is used as a 
scavenger for Fe(IV) [35,36]. In the case of DMSO at a molar concen-
tration 100 times that of PS, the BX removal notably decreased from 
94.6 % to 48.7 % in 30 min, indicating that Fe(IV) was the primary ROS 
for BX degradation. 

Experiments verified that none of the radical oxidation or singlet 
oxygenation were the main Fe-BC250/PS system pathways for BX 
degradation. Many recent reports indicate that PS can be activated by 
carbon-based catalysts to generate non-radical complexes that directly 
oxidize organic pollutants through electron transfer on the carbon sur-
face [35]. To probe the electron transfer pathway, Fe-BC250 and PS 
were mixed with pollutants added at different time intervals. As shown 
in Fig. 3a, when the time interval of the delayed addition of pollutants 
increased, kobs, BX decreased to 0.187 min− 1. It has been reported that 
when the electron transfer pathway is used as the main pathway to 
degrade pollutants, the addition of pollutants at different time intervals 
has no effect on the degradation rate [37]. This illustrates that direct 
electron transfer is not the primary oxidation regime in the Fe-BC250/PS 
system. 

The oxidative pathway was further determined by electrochemical 
experiments, using electrochemical impedance spectroscopy (EIS), 
linear sweep voltammetry (LSV), and I-t curves. The EIS results showed 
that Fe-BC250 had a smaller semicircular diameter than BC250, indi-
cating that Fe-BC250 had a lower impedance and better conductivity. 
Notably, the improved Fe-BC250 conductivity benefited from the 
graphitized structure (Fig. 3b). Fig. 3c shows no clear change in current 
after adding PS and BX. The same result was obtained for the I-t curve 

Fig. 3. Removal efficiency of BX based on adding BX at different periods after Fe-BC250 was mixed with PS (a); EIS measurement of catalysts with frequency ranges 
from 10− 1 to 105 Hz ([Na2SO4] = 0.2 mol/L) (b); LSV under different conditions (0.1 mmol/L PS or both 0.1 mmol/L PS and 20 mg/L BX) (c); I-t curves of Fe-BC250 
loaded electrode (d). 
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(Fig. 3d). These results suggest that electron transfer did not primarily 
contribute to BX degradation in the Fe-BC250/PS system. 

3.5. Fe(IV) identification 

Recent studies have shown that iron-carbon composites can form Fe 
(IV) in AOPs [36,38–40]. The Fe(IV) formation was corroborated by in 
situ Raman spectroscopy, and the peaks at 835 cm− 1 and 1076 cm− 1 

were attributed to the O–O bond of S2O8
2− in PS. A new peak emerged 

around 695 cm− 1 during the reaction, which can be explained by the 
local oxygen vibrations around Fe4+ ions [41]. Fig. 4a reveals that with 
the increase in PS concentration, the Fe(IV) intensity increased, 
implying that the Fe(IV) content increased, which further proved the 
presence of Fe(IV). Additionally, the presence of Fe(IV) was demon-
strated by the Mössbauer spectroscopy (Fig. 4b-d). The isomer shifts 
equal to − 0.17 mm s− 1 was considered to be the Fe(IV) signal, similar to 
the Fe(IV) parameter under the spin quantum number S = 2 [11,13,42]. 
The Fe(IV) content showed an upward trend within 2 h, and remained 
stable from 3 to 24 h (Figure S10).The changes in the iron content of the 
Mössbauer spectra also indicate the occurrence of the production and 
consumption of Fe(IV) in the Fe-BC250/PS system. 

To verify the presence of Fe(IV), PMSO was selected as the probe 
because it can only be selectively oxidized to PMSO2 by Fe(IV), while 
SO4

•− and HO• transform PMSO to biphenyl compounds [14]. PMSO 
consumption and PMSO2 generation illustrated the existence of Fe(IV) in 
the Fe-BC250/PS system (Fig. 5a). The η(PMSO2) value (molar ratio of 
PMSO2 production to PMSO consumption) in the Fe-BC250/PS system 
was 61.6 %. These results further demonstrate that Fe(IV) played a 
significant role in BX oxidation in the Fe-BC250/PS system. PMSO2 was 
still detected in the alkaline solution, suggesting that Fe(IV) still existed 
under alkaline conditions (Fig. 5b). Some studies have pointed out that 

η(PMSO2) also decreases with increasing in the solution pH from 3 to 7 
[14,43]. There is a high correlation between the amount of PMSO2 
generated in the reaction kinetics diagram (Fig. 5c). Therefore, the 
amount of PMSO2 generated was linearly fitted with kobs, BX when the 
solution was alkaline, and a correlation coefficient of R2 = 0.99576 was 
obtained (Figure S11). This further proves that Fe(IV) was continuously 
generated under alkaline conditions. 

Moreover, a rapid oxidation stage was observed during the reaction, 
which is consistent with previous reports [44]. By monitoring the PS 
concentration, we found that PS was almost completely consumed 
within 1 min (Figure S12). The subsequent PS concentration fluctuated 
within a small range. According to the results of the degradation ex-
periments, the BX degradation rate in the Fe-BC250/PS system reached 
47.5 % within 1 min. The value of η(PMSO2) within 1 min was 53.1 %, 
revealing that Fe(IV) primarily contributed to the rapid oxidation during 
the initial stage. 

3.6. Formation mechanism of Fe(IV) and formation process under 
alkaline conditions 

To further explore the Fe(IV) formation pathway in the Fe-BC250/PS 
system, 2,2́-bipyridyl (BPY) was used as a probe compound because of 
the strong interaction between BPY and Fe(II). Thus, BPY can rapidly 
form chelate complexes with Fe(II) to prevent the further reaction with 
PS [45]. When 0.5 mmol/L BPY was added, BX removal in the Fe- 
BC250/PS system was almost completely inhibited (Fig. 5d) and the 
BX removal efficiency decreased from 94.7 % to 12.7 %. This verifies the 
critical role of Fe(II) in PS activation to generate Fe(IV), which subse-
quently participates in the catalytic degradation of BX (Eqs. (2) and (3)). 

Fe(II) + S2O2−
8 → Fe(IV) + SO2−

4 (2) 

Fig. 4. In situ Raman spectroscopy of the Fe-BC250 and Fe-BC250/PS systems (a); Mössbauer spectra of the Fe-BC250/PS system at 1 h (b), 2 h (c), and 3 h (d).  
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Fig. 5. PMSO consumption and PMSO2 generation in the Fe-BC250/PS system (a); PMSO consumption and PMSO2 generation in the Fe-BC250/PS system under 
different initial pH of the solution (b); The apparent rate constant for the degradation of BX under the initial solution pH (c); BX degradation with different con-
centrations of 2,2́-Bipyridyl (BPY) in the Fe-BC250/PS system (d). ([Fe-BC250] = 0.1 g/L, [PS] = 0.1 mmol/L, T = 25 ◦C, (a, b) [PMSO] = 125 μmol/L, (d) [BX] = 20 
mg/L [BPY] = 0.1 or 0.5 mmol/L). 

Fig. 6. Mechanism of BX degradation in the Fe-BC250/PS system.  
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Fe(IV) + BX → Intermediates + CO2 + H2O + Fe3+ (3) 

Fe(IV) is typically produced under acidic or neutral conditions [46]. 
In our experiments, Fe(IV) was still produced in the alkaline solution. 
We found that the addition of Fe-BC250 changed the solution pH from 
alkaline to acidic conditions. When the initial solution pH was 8 or 9, the 
final solution pH decreased to 6.15 after adding Fe-BC250 (Figure S13). 
These results may also explain why the removal efficiency was similar 
for the two conditions. In contrast, the addition of BC250 did not 
significantly alter the solution pH. This suggests that the change in so-
lution pH was caused by Fe2+ leached from Fe-BC250, and the solution 
pH change was attributed to Fe2+ hydrolysis and Fe2+ combined with 
OH− (Fig. 6). 

To further study the function of free Fe2+ in the reaction process, an 
equivalent Fe2++BC250/PS system was constructed. The iron salt added 
to the Fe2+-BC250/PS system was FeCl2⋅4H2O. Based on a comparison of 
the two systems (Figure S14), the Fe-BC250/PS system showed a higher 
BX removal efficiency. This may be related to the formation of graphi-
tized structures that promote electron shuttling in the catalytic oxidative 
degradation reaction, thus accelerating the reaction rate. Notably, both 
the Fe2++BC250/PS and Fe-BC250/PS systems showed a good removal 
effect on BX, which indicates that Fe2+ plays an important role in the 
catalytic oxidative degradation reaction. Equivalent Fe2+/PS systems at 
different pH conditions were also constructed. Notably, the degradation 
efficiency of BX in the Fe-BC250/PS system was higher than that in the 
Fe2+/PS system (Fig. 7c), possibly due to the graphitized structure of 
biochar caused by Fe species. Previous experiments showed that Fe- 
BC250 has better conductivity compared to BC250 (Fig. 3b), which 
may accelerate electron shuttling during the reaction, thereby 

intensifying catalytic oxidation. 
Another contributing factor of the Fe-BC250/PS system is the slow- 

released Fe2+ from Fe-BC250. Specifically, when Fe-BC250 was added 
to the alkaline BX solution, part of the Fe2+ was released into the solu-
tion and combined with OH– to produce Fe(OH)3, leading to a lower 
solution pH. The remaining Fe2+ ions can react with PS to form Fe(IV) 
under acidic conditions. With the addition of BX and PS, the Fe2+ con-
tent increased, which may be related to the formation of acidic sub-
stances after BX degradation, resulting in further decline in pH and a 
larger amount of Fe2+ leaching (Fig. 7b). 

The change in the total iron content of the Fe-BC250/PS system is 
shown in Fig. 7d. The total iron content in the solution increased with 
the reaction, further confirming the slow release of iron from biochar. 
The highest concentration of total iron during the whole reaction pro-
cess was 3.78 mg/L. This illustrates that some Fe(II) remained in Fe- 
BC250 and contributed to BX oxidation. High solution pH inhibited 
iron leaching from biochar, and PS can be activated by Fe-BC250/PS in a 
heterogeneous manner, exhibiting a higher removal rate than the Fe2+/ 
PS system under alkaline conditions. 

3.7. Proposed degradation pathway of BX 

The BX degradation products were detected by LC-MS (Fig. 8, 
Figure S15). When the free radical pathway is used as the dominant 
pathway to degrade BX, the C–O bond in BX is easily broken, resulting 
in the formation of butanol and CS2 [46,47]. In view of the analysis of 
the intermediates, we summarized three degradation pathways: hy-
droxylation, S–H bond cleavage, and S-radical coupling. It has been 
reported that organic pollutants are degraded by Fe(IV) through 

Fig. 7. BX removal in the Fe2+/PS system under different pH conditions (a); Fe2+ content in different systems (b); The apparent rate (kobs) of BX removal in the Fe2+/ 
PS system under different initial pH (c) concentration variations of total Fe2+ and Fe3+ during the reaction in the Fe-BC250/PS system (d). 
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hydroxylation [10,13]. In general, C–O bonds are more easily attacked 
than other bonds [48,49], and pathway I was proposed based on this 
principle. We suppose that the hydroxylation process occurred after 
C–O bond cleavage, thus producing P1 (m/z = 94) and forming P2 (m/z 
= 74) simultaneously, which continued to degrade to form P3 (m/z =
58). Interestingly, depending on the target compound structure, Fe(IV) 
can attack organic compounds through oxygen atom transfer and 
hydrogen abstraction [50]. P4 (m/z = 165) was considered to be the 
degradation product of BX induced by an oxygen atom transfer step in Fe 
(IV)-mediated oxidation. P4 was further converted to P2 (m/z = 74) and 
P5 (m/z = 80). Fe(IV) can extract hydrogen atoms by attacking S–H 
bonds via hydrogen abstraction, resulting in the coupling of S radicals. 
Based on this principle, pathway III was presented. BX first generates 
double xanthate, which is further degraded; the corresponding products 
are P6 (m/z = 116) and P7 (m/z = 92). P6 (m/z = 116) is further 
oxidized to produce P8 (m/z = 88). Additionally, to quantitatively 
describe the BX mineralization degree, the mineralization rate of S and C 
was calculated using the following formula [51]: 

γs =
MBX

n × MSO2−
4

×
CSO2−

4

CBX
× 100% (4)  

γTOC =
TOC0 − TOC30

TOC0
× 100% (5) 

where MBX and MSO2-
4 

represent the relative molecular masses of BX 

and SO2−
4 , respectively; CSO2-

4 
is the concentration of SO2−

4 in the solution 

at 30 min; and CBX is the initial BX concentration. Considering that SO2−
4 

will also be produced after PS decomposition, this part of SO2−
4 was 

subtracted. Thus the final concentration of SO2−
4 was 15.25 mg/L. After 

calculation, γs in the Fe-BC250/PS system was equal to 74.7 %, and γTOC 
in the Fe-BC250/PS system was 64.7 %. This showed that the Fe-BC250/ 
PS system had high mineralization efficiencies toward C and S. 

4. Conclusions 

We developed an iron-biochar composite for effective PS activation 
and BX oxidation over a wide pH range. We further demonstrated the Fe 
(IV) formation mechanism under alkaline conditions. Under alkaline 
conditions, the decrease in the solution pH was attributed to hydrolyzed 
Fe2+ generating H+ and Fe2+ combined with OH− during the reaction, 
and surface Fe(II) reacted with PS to form Fe(IV). The remaining Fe ion 
concentration met the standard for sewage discharge into urban sewers 

Fig. 8. Proposed degradation routes of BX in the Fe-BC250/PS process.  
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(GB/T 31962-2015). Additionally, the Fe species promoted the forma-
tion of the graphitized structure of biochar, and the graphitized struc-
ture of biochar accelerated the catalytic oxidative reaction. 

The ultra-low-temperature iron-carbon composites had the following 
characteristics: (i) low inputs of energy and material, and a high catalyst 
yield; (ii) excellent catalytic performance and rapid degradation of BX 
with low loading of catalyst (0.1 g/L) and oxidant (PS, 0.1 mmol/L); and 
(iii) the Fe(IV) pathway was confirmed to be the main mechanism for BX 
removal in the Fe-BC250/PS system, which exhibited excellent anti- 
interference capacity toward inorganic anions and natural organics in 
the natural water environment. Collectively, these findings demonstrate 
a low-cost and selective remediation system using low-temperature iron- 
carbon composite catalysts. 
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