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Abstract

As for Atrazine (CgH;,CINs) degradation in soil, iron (Fe)-manganese (Mn) bimetallic biochar composites were proved
to be more efficient for persulfate (PS) activation than monometallic ones. The atrazine removal rates of Fe/Mn loaded
biochar+PS systems were 2.17-2.89 times higher than Fe/Mn loaded biochar alone. Compared with monometallic
biochar, the higher atrazine removal rates by bimetallic biochar (77.2-96.7%) were mainly attributed to the synergy
degradation and adsorption due to the larger amounts of metal oxides on the biochar surface. Atrazine degradation
in Fe-rich biochar systems was mainly attributed to free radicals (i.e, SO, and -OH) through oxidative routes, whereas
surface-bound radicals, ]Oz, and free radicals were responsible for the degradation of atrazine in Mn-rich biochar
systems. Furthermore, with a higher ratio of Fe(ll) and Mn(lll) formed in Fe-rich bimetallic biochar, the valence state
exchange between Fe and Mn contributed significantly to the more effective activation of PS and the generation

of more free radicals. The pathways of atrazine degradation in the Fe-rich bimetallic biochar systems involved alkyl
hydroxylation, alkyl oxidation, dealkylation, and dechlorohydroxylation. The results indicated that bimetallic biochar
composites with more Fe and less Mn are more effective for the PS-based degradation of atrazine, which guides

the ration design of easily available carbon materials targeted for the efficient remediation of various organic-polluted
soil.

Highlights

- Both Fe- and Mn-rich bimetallic biochar can effectively activate persulfate, but Fe-rich biochar is superior.

- Atrazine degradation in Fe-rich biochar systems was attributed to free radicals through oxidative routes.

- Atrazine degradation pathways involved alkyl hydroxylation, alkyl oxidation, dealkylation, and dechlorohydroxyla-
tion.
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1 Introduction
Atrazine (CgH,,CIN;) is the most widely used herbicide
in the world (Bohn et al. 2011). About 70,000-90,000
tons of atrazine were applied annually in the world (Ta
et al. 2006), and 29,000-33500 tons were used in agri-
culture in the US in 2012 (Gaffar et al. 2021). Due to its
widespread use, stable structure (Bessac et al. 2013), and
low adsorption by soil (Kolekar et al. 2019), atrazine in
agricultural soil easily migrates to groundwater and sur-
face water through rainwater or irrigation. The concen-
tration range of atrazine in the environment is very wide.
For example, the atrazine concentration investigated
in groundwater was 0.068 pg L™ in western Germany
(Vonberg et al. 2014). The concentration of atrazine was
0.02-0.10 mg Kg™! in topsoil of agricultural areas in Ser-
bia (Gasic et al. 2002), but the atrazine concentration of
industrial wastewater could higher than 10 mg L7% It
can also accumulate in plants, animals, and even humans
through the food chain. Atrazine, even at low concentra-
tions, is an endocrine disruptor, posing a potential risk to
humans and other organisms (Luo et al. 2019; Yan et al.
2015). Therefore, effective measures must be taken to
remove residual atrazine from the environment.
Advanced oxidation processes have a high efficiency
in decomposing organic pollutants (Giannakopoulos
et al. 2022). For example, hydroxyl radical (-OH) showed
high efficiency in wastewater treatment (Zhu et al
2023). However, persulfate (PS) has attracted more sig-
nificant attention in environmental remediation (Shan
et al. 2020), and showed the following advantages over
hydroxyl radical (-OH)-based methods: (1) The redox

potential of sulfate radical (SO, ) is higher than that of
‘OH (E, 2.5-3.1 vs 2.7-2.8 eV) (Asghar et al. 2015); (2)
SO, demonstrates better selectivity and more thorough
degradation of organic pollutants (Han et al. 2015); (3)
SO, has a longer lifetime (4 s) compared to -OH (with
a lifetime of<1 s), significantly increasing the contact
time with organic pollutants (Xiao et al. 2018). However,
the spontaneous generation of SO, by PS alone is chal-
lenging, rendering the pollutant removal process more
time-consuming (Hao et al. 2020; Chen et al. 2017). To
overcome these limitations, various approaches were
employed, including heat (Chen et al. 2017), light (Milh
et al. 2021), metal materials (Xu et al. 2022a, b; Qin et al.
2020), carbon materials (Cai et al. 2021), and even a
combination of the two methods (Giannakopoulos et al.
2022) to activate PS.

Biochar, with a large surface area and oxygen-contain-
ing functional groups (e.g., carboxyl, hydroxyl, and aro-
matic structures) can adsorb pollutants (Li et al. 2017a; b)
and has been demonstrated to activate PS by radical-ini-
tiated process, such as -OH (Leichtweis et al. 2020), SO, .
(Liang et al. 2020); Hao et al. 2020). Biochar further could
accelerate electron transfer (Qu et al. 2024), or surface-
bound free radicals (Liang et al. 2020) for PS activation
to accelerate pollutant decomposition. Modified biochar
arouses a lot of attention in sustainable agriculture, pol-
lution remediation, and catalytic reactions (Panahi et al.
2020; Li et al. 2023; Shafizadeh et al. 2023).To increase
the activation efficiency of biochar for PS, it was modi-
fied with metals (Han et al. 2015; Peiris et al. 2017; Liang
et al. 2021). The metal loaded biochar and its degradation
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of pollutants in published researches are listed in Addi-
tional file 1: Table S1 in support information. Fe-modified
biochar had better tetracycline removal than non-mod-
ified biochar (Yang et al. 2016; Peiris et al. 2017). The
participation of Fe improved the electron transfer capac-
ity of biochar, resulted in more effective activation of
PS and production of more SO, (Pan et al. 2022). The
removal efficiency of chloraniline by a CuO/PS system
could reach 71.5% within 5 h (Du et al. 2019), and that of
oxytetracycline reached 75% in an Mn-modified biochar
system (Fang et al. 2022). Due to the rich valence states,
high reactivity, and low cost, Fe and Mn are always cho-
sen to modify biochar for PS activation (Yang et al. 2019;
Xu et al. 2023; Zhang et al. 2021a).

Compared to monometallic biochar composites, Fe—
Mn bimetallic biochar composites were more effective in
PS activation, and the removal efficiency of thiacloprid
increased from 46.3-77.3% in monometallic biochar sys-
tem to 94.1% after reaction for 90 min (He et al. 2022).
The degradation efficiency of Orange G by PS activated
with Fe—Mn bimetallic biochar (75.2%) was also higher
than monometallic Fe-loaded biochar (45.6%) and Mn-
loaded biochar (32.8%) (Hao et al. 2020). Although
bimetallic biochar composites were proved to be more
efficient in PS activation than monometallic ones, most
previous studies focused on the performance differ-
ences in PS activation and the removal of organic con-
taminants, while the roles of Fe and Mn in this process
remains unclear. These two metals in bimetallic biochar
might have different effects on improving the oxidative
degradation and adsorption of organic pollutants. Fur-
thermore, there might exist a synergy between these two
metals for the activation of PS. Therefore, the role of Fe
and Mn in Fe—Mn bimetallic biochar on PS activation as
well as the removal of organic pollutants should be fur-
ther elucidated.

In this study, using atrazine as the target pollutant,
Fe-rich and Mn-rich bimetallic biochar composites with
similar total amounts of Fe and Mn were fabricated to
activate PS for atrazine removal. Pristine biochar, Fe-
based, and Mn-based monometallic biochar composites
were investigated for comparison. The objectives of this
research were: (1) to evaluate the decontamination effi-
ciency of atrazine by monometallic and bimetallic bio-
char composites in PS systems; (2) to reveal the different
roles of Fe and Mn on bimetallic biochar composites in
the generation of reactive oxygen species as well as the
atrazine decontamination; and (3) to elucidate the degra-
dation pathway of atrazine in the bimetallic biochar com-
posite/PS system. This study shed light on the fabrication
of more effective bimetallic biochar composites for pol-
lutant decontamination.
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2 Materials and methods

2.1 Experimental reagents

Atrazine (CgH,,CINs; 97%) was purchased from Shang-
hai Maclean Biochemical Technology Co., Ltd, Shanghai,
China; Methanol (CHZ;OH), ferrous sulfate heptahy-
drate (FeSO,-7H,0), manganese chloride tetrahydrate
(MnCl,-4H,0), sodium persulfate (Na,S,0q), sulfuric
acid (H,SO,), hydrochloric acid (HCI), sodium hydrox-
ide (NaOH), ethanol (C,HO), and potassium bromide
(KBr) were all of analytical purity and obtained from Sino
Biopharmaceutical Chemical Reagents Co., LTD, Ningbo,
China.

2.2 Preparation of biochar and modified biochar
To produce pristine biochar, the rice straw was washed,
crushed, dried, and pyrolyzed at 500 °C for 3 h in a muffle
furnace under an N, atmosphere. After cooling, the solid
products were ground and passed through a 100-mesh
sieve to obtain rice straw biochar, labeled as BC.

To produce Fe/Mn monometallic and bimetal bio-
char composites, different doses of FeSO,-7H,O and
MnCl,-4H,0 were dissolved in a specific amount of
deionized water to achieve the Fe: Mn molar ratio of 3:1,
1:3, 2:0, and 0:2, respectively. Rice straw was then intro-
duced into the prepared Fe—Mn binary or mono solu-
tions. The solid-liquid ratio of rice straw to the solution
was set at 1:10, and after impregnation for 12 h, the mix-
tures were filtered and dried in the oven at 85 °C. The
subsequent steps were identical to the BC preparation.
The Fe/Mn-loaded biochar obtained with Fe:Mn molar
ratios of 3:1, 1:3, 2:0, and 0:2 was named as Fe-BBC, Mn-
BBC, Fe-MBC, and Mn-MBC, respectively. The sche-
matic of material synthesis is showed in Fig. 1.

2.3 The atrazine removal experiments

To assess the decontamination of atrazine and the acti-
vation of PS by biochar and modified biochar, atrazine
removal experiments were conducted. All batch experi-
ments were carried out in an oscillator (150 rpm, 25 °C)
in the dark and performed in triplicate. In each experi-
ment, 0.1 g of biochar (BC) or Fe/Mn modified biochar
(Fe-BBC, Mn-BBC, Fe-MBC, and Mn-MBC) was added
to 40 mL of atrazine solution with an initial concentra-
tion of 10 mg L™! or a mixed solution containing 2 mM
sodium persulfate and 10 mg L' atrazine, respectively.
The pH was adjusted to 7 using NaOH and HCl (0.1 mol
L7Y). Samples at 5, 10, 20, 30, 40, 60, 80, and 120 min
were selected, and 1 mL sodium thiosulfate (0.5 mol L™1)
was added to terminate the oxidation reaction. The con-
centration of atrazine filtered by a membrane (0.22-pm)
in the solution was detected. Since both adsorption and
degradation contributed to the removal of atrazine in the



Liang et al. Biochar (2024) 6:41

— After 12 h

—] After 12 h

|
Fe2*:Mn2* = 1:3
/:‘ After 12 h

Rice straw

i After 12 h

Fe2*:Mn?* = 0:2
Fig. 1 The schematic of material synthesis

mixture solution. The filtered solids after a 120 min reac-
tion were freeze-dried and extracted with 40 mL metha-
nol through 6 h of shaking. This process aimed to detect
any residual atrazine adsorbed on biochar or Fe/Mn-
modified biochar. The calculation of the total removal
amount (Q), the adsorption amount (Q,), and the deg-
radation amount (Qy) of atrazine are shown in Additional
file 1.

The filtered solids of Fe-BBC and Mn-BBC at 0, 30, and
120 min of reaction were subjected to XPS to investigate
the valent change of Fe and Mn loaded on biochar in PS
activation. The filtered solid in the Fe-BBC+PS system
was employed to analyze reactive oxygen species using
Electron Paramagnetic Resonance (EPR).

2.4 The quenching experiments

Quenching experiments were conducted to elucidate
radicals and nonradicals involved in atrazine degrada-
tion in the biochar+PS and Fe/Mn-loaded biochar+ PS
systems. Ethanol (200 mM) and tert-Butanol (TBA,
200 mM) were carried out to distinguish -OH and SO,
respectively (Chen et al. 2020; Xu et al. 2022a, b). NaF
(20 mM) served as the quencher for surface-bound
radicals (Wang et al. 2022), and furfuryl alcohol (FFA,
0.4 mM) was introduced to identify the presence of 'O,
(Fan et al. 2019). Samples were collected at 10, 30, 60, and
120 min, respectively, and promptly quenched by adding
100 pL of sodium thiosulfate (0.5 mol L) to terminate
the oxidation reaction. After filtration through a 0.22-pm
membrane, the concentration of atrazine in the solution
was detected. All samples were collected in triplicate.
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500°C, 2 h, N,

2.5 The atrazine degradation pathways

To accurately reveal the atrazine degradation pathways,
the degradation products and DFT calculations were
examined, especially in the Fe-BBC+DPS system with the
highest degradation efficiency of atrazine. The solution
in the Fe-BBC+DPS system after 120 min of reaction was
analyzed by high-performance liquid chromatography
(HPLC-MS) to determine the degradation products. The
atrazine degradation pathways were deduced by the deg-
radation products.

Density functional theory (DFT) calculations were
carried out using Gaussian 09 software, and the atra-
zine structure was optimized using the basis group of
B3LYP/6-31G[d] and exported using Gauss View 5.0 soft-
ware. The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LOMO)
were estimated by solvent (water) model using the self-
consistent reactive field (SCRF)-based theory, which was
used for the further study of the degradation pathways
(An et al. 2023).

2.6 Analysis methods

The specific surface area, pore size, and pore volume
of biochar were determined using Brunauer—Emmett—
Teller (BET, Beijing Jinangpu V-sorb2800, China). Fourier
transform infrared spectroscopy (FT-IR, Thermo Fisher
Scientific NicoletIS5, USA) was employed to measure
and analyze changes in surface functional groups before
and after modification. The crystal structure of biochar
was analyzed using an X-ray diffractometer (XRD, Bruker
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D8, Germany). X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Escal-ab 250Xi, USA) was used to ana-
lyze the binding energy of elements on the surface of
biochar. An electron paramagnetic resonance spectrom-
eter (EPR, Bruker EMXplus, Germany) was employed to
measure and analyze the -OH and SO, generated in the
PS system.

The concentrations of Fe and Mn on biochar or modi-
fied biochar were determined using flame atomic absorp-
tion spectrometry (AAS, Agilent 3510, USA). The
concentration of atrazine was analyzed by HPLC (LC-
20AT, Japan). The degradation products were detected
using LC-MS. A high-performance liquid chromato-
graph with Ultimate 3000 (Thermo Fisher Scientific,
USA) and a resolution mass spectrometer 5600 QTOF
(AB Sciex, Framingham, USA) was used. The detection
conditions were the same as our previous research (Liang
et al. 2022). After the reaction for 120 min, SPSS soft-
ware was used to analyze the significance of the atrazine
removal efficiency by various quenchers.

3 Results and discussion
3.1 Characterization of Fe/Mn monometallic

and bimetallic biochars
The basic physicochemical property and amounts of Fe,
Mn, or Fe+Mn loaded on biochar (BC), monometal-
lic biochar (Fe-MBC, Mn-MBC), and bimetallic biochar
(Fe-BBC, Mn-BBC) are shown in Table 1. Compared with
BC, the modified biochar exhibited significantly higher
Fe and Mn content. It showed higher total Fe and Mn
amounts in bimetallic biochar (0.946 mol kg™ on Mn-
BBC and 0.998 mol kg~! on Fe-BBC) than in monometal-
lic biochar (0.765 mol kg™ on Mn-MBC and 0.781 mol
kg~! on Fe-MBC). However, the total metal amount was
similar between Fe-loaded biochar and Mn-loaded bio-
char, 0.947 vs 0.998 mol kg™ for bimetallic biochar, and
0.781 vs 0.765 mol kg™! for monometallic biochar. The
loading of Fe or Mn on the surface of biochar had dif-
ferent effects on the basic physicochemical properties
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of biochar. As shown in Table 1, the specific surface area
(SSA) of Fe-BBC and Fe-MBC were 148 and 54.4 m* g™/,
respectively, which were 17.2 and 6.31 times compared to
pristine biochar (8.61 m? g~'). However, the SSAs of Mn-
BBC and Mn-MBC were 4.00 and 5.04 m* g, respec-
tively, significantly lower than that of pristine biochar.
The larger SSAs of Fe-BBC and Fe-MBC could be attrib-
uted to the catalytic cracking of oxygen complexes by the
loaded Fe (Zhang et al. 2021a; Yang et al. 2018). Com-
pared with pristine biochar, the pore size of Mn-BBC and
Mn-MBC increased by 3.04 times and 2.38 times, respec-
tively, indicating that Mn played a key role in micropore
creation (Li et al. 2017a, b). The larger pore sizes facili-
tated the entry of pollutants into the adsorption sites (Li
et al. 20174, b), thereby increasing the adsorption capac-
ity of biochar. These findings suggest that Fe and Mn
were involved in the formation of biochar pore structure
during pyrolysis, and were successfully loaded on the
biochar surface. The Fe and Mn loaded on biochar also
increase the pHpzc.

The higher metallic oxides on the biochar surface could
provide more adsorption sites and form complexes with
pollutants (Zhang et al. 2021a). FTIR spectra of biochar
and modified biochar (Additional file 1: Fig. S1a) revealed
the presence of the Fe—-O bond on the carbon ring
(558 cm™!) in Fe-based monometallic biochar (Fe-MBC),
the Mn-O (776 cm™!) bond in Mn-based monometallic
biochar (Mn-MBC), as well as Mn-O and Fe-O bond
in Mn-rich bimetallic biochar (Mn-BBC) and Fe-rich
bimetallic biochar (Fe-BBC). These results also suggest
the successful loading of Fe/Mn on biochar, which might
predominantly exist in the form of metal oxides. XRD
patterns of the different modified biochar in the range of
20°-65° (Additional file 1: Fig. S1b) further showed that
the Mn;O, was present in Mn-MBC, Fe;O, in Fe-MBC,
Mn;0, and FeMnO; in Mn-BBC as well as Fe;O, and
FeMnOj; in Fe-BBC. The ratio of Fe and Mn added to
the feedstock significantly influenced the types of metal
oxides formed during the pyrolysis of both monometallic
and bimetallic biochar. The distinct characteristics of Fe/

Table 1 Specific surface area, pH, Fe, and Mn in biochar and Fe/Mn loaded biochar

Material Specific surface Average pore size Pore volume PHzc Fe Mn Fe+Mn
area
m2g~! nm cmig™! mol kg™!
BC 8.61 7.70 0.017 220 0.178 0.029 0.207
Fe-MBC 544 553 0.075 2.56 0.767 0014 0.781
Mn-MBC 5.04 184 0.037 2.76 0315 0450 0.765
Mn-BBC 4.00 234 0.043 263 0.443 0.504 0.947
Fe-BBC 148 428 0.159 258 0.772 0.226 0.998
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Mn monometallic and bimetallic biochar might signifi-
cantly impact their adsorption and the activated PS deg-
radation of atrazine.

3.2 Removal of atrazine in different systems

Figure 2 illustrates the removal of atrazine in biochar, PS,
and biochar +PS systems. The atrazine concentration in
the solution decreased with reaction time in all systems
(Fig. 2a, Additional file 1: Fig. S2). After reaction for 120
min, the total amount of atrazine removed was 626.7 mg
kg™! for BC, 1000 mg kg™* for Fe-MBC, 1133 mg kg™
for Mn-MBC, 1653 mg kg™ for Fe-BBC, and 1360 mg
kg™! for Mn-BBC, respectively. Correspondingly, the
removal rates of atrazine were 15.7% for pristine bio-
char, and higher for modified biochar, reaching 25.0%,
28.3%, 34.0%, and 41.3% for Fe-MBC, Mn-MBC, Mn-
BBC, and Fe-BBC, respectively (Fig. 2b). The atrazine
removal occurred primarily through adsorption for both
pristine and modified biochar, while degradation made a
limited contribution (<2.3%, Fig. 3a). Bimetallic biochar
demonstrated a greater adsorption capacity for atrazine
than monometallic biochar. The total amounts of Fe and
Mn in bimetallic biochar, Mn-BBC (0.946 mol kg™') and
Fe-BBC (0.998 mol kg™') were significantly higher than
those on monometallic biochar, Fe-MBC (0.781 mol
kg™') and Mn-MBC (0.765 mol kg™!) (Table 1). The
higher metal oxides on the biochar surface could provide
more adsorption sites and form complexes with pollut-
ants (Zhang et al. 2021a).

The PS alone exhibited very low removal efficiency of
atrazine (7.67%) after the reaction for 120 min, indicating
the limited decomposition of PS without the addition of
an activator (Luo et al. 2022). However, the decontami-
nation efficiency of atrazine was significantly improved
when biochar was introduced into the PS system. After
the reaction for 120 min, the removal efficiency of atra-
zine in the BC+ PS system increased to 22.7%, 1.45 times
higher than that of BC alone. The modified biochar+PS
systems exhibited superior atrazine decontamination,
achieving removal rates of 72.3% for Fe-MBC+DPS, 61.3%
for Mn-MBC +PS, 96.7% for Fe-BBC +PS, and 77.2% for
Mn-BBC + PS, which were 2.89, 2.17, 2.27, and 2.30 times
higher than Fe-MBC, Mn-MBC, Fe-BBC, and Mn-BBC,
respectively. Fe-BBC showed a higher removal efficiency
of atrazine (96.7%) than previously published research
(Jiang et al. 2020; Zhang et al. 20214, b), in which atrazine
removal rates were 83.77% (Jiang et al. 2020) and 93.8%
(Zhang et al. 20214, b) in biochar-supported zero-valent
iron+ PS system, respectively.

These findings highlight that Fe and/or Mn on bio-
char played an important role in activating PS for
atrazine decontamination or improving atrazine
adsorption, and bimetallic biochar was more effective
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Fig. 2 aThe atrazine concentration in the solution. b Total removal
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than monometallic biochar for atrazine decontamina-
tion in PS systems.

Both adsorption and degradation contributed to the
removal of atrazine in different PS systems. As shown in
Fig. 3b, in the BC+PS system, 71.0% of atrazine removal
was attributed to adsorption, while the remaining 29.0%
was due to degradation. The ability of biochar for PS acti-
vation is closely related to its oxygen-containing func-
tional groups, which could serve as electron donors or
electron transfer mediators (He et al. 2022; Li et al. 2023).
However, the atrazine degradation ratios significantly
increased in the presence of modified biochar, constitut-
ing 59.8%, 56.2%, 65.6%, and 54.0% of atrazine removal in
the systems of Fe-BBC + PS, Mn-BBC + PS, Fe-MBC+ PS,
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Fig. 3 a Contribution ratio of adsorption and degradation in biochar
alone. b Biochar +PS system

and Mn-MBC+PS, respectively. The degradation rate
of atrazine in modified biochar systems exceeded the
adsorption rate, whereas adsorption dominated the atra-
zine removal in the BC system, suggesting that the activa-
tion of PS by metallic elements on the surface of biochar
might be more effective than that by the oxygen-contain-
ing functional groups. Metals loaded on biochar, e.g. Fe,
Mn, Cu, may enhance the electron transfer (Hao et al.
2020), provide more active sites for PS activation (Chen
et al. 2020), and then accelerate catalytic reactivity. The
correlation between the atrazine adsorption of biochar
and the atrazine degradation in the biochar+PS system
is shown in Additional file 1: Fig. S3. The Pearson correla-
tion coefficient for adsorption and degradation was 0.899,
signifying a favorable relationship between adsorption
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and degradation. The synergy between adsorption and
degradation might contribute to the higher removal effi-
ciency of atrazine in bimetallic biochar systems, com-
pared to monometallic biochar systems.

In addition, higher degradation rates were observed
in Fe-rich biochar (Fe-BBC and Fe-MBC) than in Mn-
rich biochar (Mn-BBC and Mn-MBC) (Fig. 3b), indi-
cating that the activation of PS by Fe-rich biochar was
more favorable than that of Mn-rich biochar, result-
ing in higher atrazine degradation amount of 1914—
2385 mg kg~!, compared to 1321-1746 mg kg™!. The
Fe/Mn efficiency for atrazine degradation (mol/mol)
was 1.07x 1072 for Fe-BBC +PS, 0.85x1072 for Mn-
BBC+PS, 1.13Xx 1072 for Fe-MBC + PS, and 0.80x 1072
for Mn-MBC+PS, respectively, followed by Fe-
MBC > Fe-BBC > Mn-BBC > Mn-MBC. This result fur-
ther confirmed that Fe was more favorable for atrazine
degradation than Mn in PS systems. Detailed explana-
tions are presented in Sects. 3.3 and 3.4.

3.3 Roles of Fe and Mn loaded on biochar in free radicals
and nonradicals generation

To further investigate the different roles of Fe and Mn
loaded on biochar for PS activation, chemical quenching
tests using tert-butanol (TBA), methanol (MeOH) NaF,
and furfuryl alcohol (FFA) were conducted. MeOH can
rapidly react with SO, and -OH in the solution (Chen
et al. 2020). The reaction rate of TBA with -OH in the
solution (6x 108 M~ s77) is significantly higher than that
of SO, (4% 10° M~! s71), indicating that TBA is primar-
ily responsible for consuming -OH (Xu et al. 2022a, b).
FFA was introduced into the system to detect 'O,, and
their reaction exhibited a second-order rate constant of
1.2 x 108 M~! s7! (Jiang et al. 2017). NaF served as the
quencher for surface-bound radicals. Figure 4a shows
that the addition of MeOH (200 mM) inhibited 1.15% of
atrazine removal in BC+PS, while there was a negligible
reduction of atrazine when adding TBA (200 mM), NaF
(20 mM), and FFA (0.4 mM). These results suggested that
-OH was responsible for the limited atrazine degradation
in the BC+PS system.

In the Fe-rich biochar+PS system, the addition of
TBA resulted in a reduction of atrazine removal by
8.8% and 4.7% for Fe-BBC and Fe-MBC, respectively.
Similarly, the addition of MeOH decreased the removal
of atrazine by up to 12.2% and 9.2% for Fe-BBC and
Fe-MBC, respectively. This observation indicated that
SO, and OH contributed to the oxidative degradation
of atrazine in the Fe-rich biochar +PS system (Eqs. 1-
2). EPR tests using DMPO as the trapping agent for
the Fe-BBC+DPS system resulting in four-line spectra
of the adduct DMPO-OH with a relative strength ratio
of 1:2:2:1 and the adduct DMPO-SO, with a relative
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strength ratio of 1:1:1:1:1 (Qu et al. 2023) (Fig. 4f),
confirming the presence of SO, and -OH in the Fe-
BBC+PS system. The addition of FFA and NaF barely
affected the removal of atrazine in both Fe-MBC+PS
and Fe-BBC+PS systems, proving that surface-bound
radicals and 'O, did not contribute to the degradation
of atrazine. These results suggested atrazine degrada-
tion in Fe-rich biochar systems was mainly attributed
to free radicals (ie, SO, and -OH). However, 10,
contributed to the degradation of atrazine in the Mn-
MBC+DPS system, evidenced by a 12.2% inhibition of
atrazine degradation upon FFA addition. The presence
of Mn(II) or Mn(III) facilitated the reaction with PS in
the solution to generate O, , which further produced
10, through Eq. (3-4). Qu et al. (2024) also found 'O,
could be produced by reaction between C=0 on bio-
char and PS and transformation of O, and -OH. SO,
also contributed to atrazine degradation in the Mn-
MBC+PS system (Egs. 5-6), as indicated by a 6.4%
inhibition of atrazine degradation with the addition
of MeOH and negligible inhibition by the addition of
TBA and NaF. In the Mn-BBC + PS system, the addition
of MeOH, NaF, TBA, and FFA resulted in decreases
in atrazine degradation by 6.7%, 6.2%, 4.1%, and 3.4%,
respectively. These results suggested that both free rad-
icals and non-free radicals played a crucial role in the
degradation of atrazine in this system.

Fe>t + 5,02 — Fe*™ 4+ 502~ + S0, . (1)
SO, +OH™ — -OH 4 SO2". 2)
O, +-OH — 'O, + OH™. (3)
205 + HyO — Hy03 + 'Oy + 20H™. (4)
Mn® + 8,03 — Mn*" +S02™ 4SO, . (5)
Mn*" 4+ $,03” — Mn®" +S03™ 4SO, . (6)

In summary, the atrazine degradation in Fe-rich bio-
char systems was mainly attributed to free radicals,
SO, and -OH, while both radical and non-radical spe-
cies existed in Mn-rich biochar systems. Compared to
non-radical species, 1O2 and surface-bound radicals, the
oxidation potential of free radicals was much higher, and
more atrazine was degraded in Fe-rich biochar (Fe-BBC
and Fe-MBC) systems than in Mn-rich biochar (Mn-BBC
and Mn-MBC) systems.
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3.4 Mechanisms of Fe and Mn loaded on biochar in the PS
activation

The bimetallic biochar demonstrated superior perfor-
mance for atrazine removal in PS systems compared to
monometallic biochar, which was attributed to the syn-
ergy of adsorption and degradation, stemming from a
higher concentration of metal oxides. Interestingly, when
comparing Mn-BBC and Fe-BBC, even with a similar
total amount of Fe/Mn (0.994 vs 0.947 mol kg™'), their
performances for atrazine degradation in PS systems
differed significantly, suggesting the ratio of Fe and Mn
had a significant effect on atrazine degradation. Conse-
quently, further analysis of Fe-BBC and Mn-BBC dur-
ing the reaction was conducted to elucidate the specific
contributions of Fe and Mn in PS activation for atrazine
degradation.

To identify the variation of valence states of Fe and Mn,
XPS analysis was performed on Fe-BBC and Mn-BBC at
0, 30, and 120 min, and is depicted in Figs. 5 and 6. The
binding energies of Fe(II) were presented on 711 eV at
Fe2p;,, and 724.6 eV at Fe 2p, ,, while those of Fe(III) were
presented on 714.5 at Fe2p,,, and 728.1 eV at Fe 2p,,. The
Mn peak at Mn 2p;), can be divided into three peaks cor-
responding to Mn (II) (641.0 eV), Mn(IlI) (642.6 eV), and
Mn(IV)(643.8 eV). Prior to the reaction, higher percent-
ages of Fe(II), Mn(II), and Mn(III) were observed on the
surface of Fe-BBC, with values of 71.8%, 51.4%, and 40.5%,
respectively, while those of Mn-BBC were 68.9%, 52.3%,
and 37.6%, respectively (Table 1, Figs. 5a, 6a). These results
indicated that the ratio of Fe and Mn added to the feed-
stock had great influence on the types of metal oxides dur-
ing the generation of bimetallic biochar. With higher Fe(1II),
Mn(II), and Mn(III), Fe-BBC could supply more electrons
to PS than Mn-BBC, which might be responsible for the
better degradation of atrazine in the Fe-BBC+BC system.
With an increase in the reaction time from 0 to 120 min,
in the Mn-BBC+PS system, the percentages of Fe(II) and
Mn(II) decreased from 68.9% to 60.8%, and from 52.3% to
37.0%, respectively. Concurrently, the percentages of Fe
(ITI), Mn(III), and Mn(IV) increased from 31.1% to 39.2%,
37.6% to 44.5%, and 10.1% to 18.5%, respectively (Figs. 5,
6). The continuous decrease in Fe(II) and Mn(II) was pri-
marily attributed to their reactions with PS, leading to the
formation of SO, (Egs. 1, and 5-6), and 0, (Eqs. 3-4) as
mentioned in Sect. 3.3. XPS Ols spectra analysis of Mn-
BBC+DPS system revealed that the M—O bond at 530.89—
531.16 eV was up to 60.1% at 30 min and decreased to
41.6% at 120 min (Additional file 1: Fig S4a—c), implying
that surface-bound radical and adsorption by metal oxide
also contributed to the reduction of atrazine, consistent
with the results mentioned above.



Liang et al. Biochar (2024) 6:41 Page 9 of 15

(a)
1.0 }=;
So9f S
O (@)
’ '~,:\ c
T —e—BC+TBA +Fe'BBC\\ s
0.1F BOHaBH ——FeBBC+TBA Nz 2
Bkl Fe-BBC+MeOH ¥ —<a
N g 0.0F —v—Fe-BBC+NaF
Fe-BBC+FFA
0.0 L L 'l 1 1 1 L L 1 L
0 30 60 90 120 0 30 60 90 120
Time (min) Time (min)
1618 1.0 -(:d:\?
a 7
0.7 \ 0.7} \‘
3
06 F
. S 05}
o b
o 05F O
—=— Mn-BBC & 0.4F —m—Fe-MBC
0.4 I _—Mn-BBC+TBA b —e— Fe-MBC+TBA d
J Mn-BBC+MeOH a Fe-MBC+MeOH I
91 —+— Mn-BBC+NaF 7— Fe-MBC+NaF §
Mn-BBC+FFA 0.2F Fe-MBC+FFA
0.0 1 1 1 1 1 1 1 1 1
0 30 60 90 120 0 30 60 90 120
Time (min) Time (min)
10[® ® DMPO-OH
0.8% DMPO-SO,
07} —
3
8
o
(@) 2
Oos} 2
O @
o E
0.5F
(4
—=— Mn-MBC b
04} —®Mn-MBC+TBA ¥ 2
2 Mn-MBC+MeOH
—¥— Mn-MBC+NaF
Mn-MBC+FFA
0.0 0 30 60 90 120 3460 3480 3500 3520 3540

Time (min) Magnetic field (G)
Fig. 4 Effects of radical and nonradical contribution on atrazine removal in (a) BC, (b) Fe-BBC, (c) Mn-BBC, (d) Fe-MBC, and (d) Mn-MBC
[ATZ),=10 mg L ;[BCly=0.1 g; [PSly=2 mM; pH=7;T=25 °C; [TBA/MeOH] =200 mM (f) EPR profile of Fe-BBC + PDS system



Liang et al. Biochar

(2024) 6:41

Page 10 of 15

Mn-BBC-120

Mn-BBC-30] (c)

(a) Mn-BBC-0|(b)

Intensity

Fe-BBC-120
1 Fe2py,

Intensity

730 725 720 715 710 730 725 720 715 710 730 725 720 715 710
Binding energy (eV) Binding energy (eV) Binding energy (eV)
Fig. 5 The fine XPS spectra of Fe on Mn-BBC (a)-(c) and Fe-BBC (d)-(f) at the reaction time of 0, 30, and 120 min

Mn-BBC-120

(@) Mn-BBC-0|(b) Mn-BBC-30|(c)
PAMN2D,,,

Mn(II)
Mn(IV) 44.5% )

Intensity

Intensity

645 642 639 648 645 642 639

648 645 642 639 648
Binding energy (eV) Binding energy (eV)
Fig. 6 The fine XPS spectra of Mn on Mn-BBC (a)-(c) and Fe-BBC (d)—(f) at the reaction time of 0, 30, and 120 min

Binding energy (eV)



Liang et al. Biochar (2024) 6:41

Unlike Mn-BBC with the continuous decrease of Fe(II)
and Mn(II) as well as the continuous increase of Fe(III),
Mn(IlI), and Mn(IV) during the whole reaction time,
for Fe-BBC, the ratio of Fe(Il) and Mn(III) decreased at
30 min and then increased at 120 min, while the ratio
of Fe(Ill) and Mn(IV) increased at 30 min and then
decreased at 120 min. The fluctuations in the metal
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valence state on Fe-BBC suggested the possible electron
exchange between Fe and Mn species. The redox poten-
tials of Mn(IV)/Mn(III), Mn(III)/Mn(II), and Fe(III)/
Fe(II) were 0.51, 1.51, and 0.77 V, respectively (Hao et al.
2020), so Mn(III) or Mn(IV) should react with Fe(II) or
Fe(IlI), according the Egs. (7-9) (Cai et al. 2021). With
the higher radio of Mn(III) in the Fe-BBC+PS system,

Table 2 Molecular formula, structural formula, mass-to-charge ratio, retention time and abbreviation of atrazine and its intermediates

Molecular formula Structural formula Mass-to-charge ratio (m/z)  Retention time (min) Abbreviation
CgHyCING jl 21610 165 ATZ
[
/\NJ\N/ NJ\
H H
C,HsCINSO, i 217.01 24 CNDT
o NSN  oH
)k N
N N7 N
H H
CeH;0CINg jl 188.07 6.95 CAIT
N7 SN
PPN
H,N” N7 °N
H
CoHgCIN, /(Ii 174.05 5.84 DIA
X
HoN N)\N/\
H
CsHsCINSO jl 188.03 268 CADT
T\f SN0
HZN*N/ N)K
H
C4H,CIN, )(1 146.02 162 CAAT
NN
l pZ
H,N” "N~ "NH,
CgHisNsO i” 198.12 605 OEIT
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A A
H H
CgHysNsO, /(Iil 212.10 303 oDIT
0 N‘ SN )\
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C,H NSO )Oil 170.1 104 OAIT
N7 SN
JEPNPN
H,N” N7 °N
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the conversion of Fe(Il) from Fe(III) by Mn(III) was
favorable on the surface of Fe-BBC. The valence state
exchange between Fe and Mn might contribute to the
continuous and robust decomposition of PS and the sig-
nificant degradation of atrazine.

Mn3T + Fe2t — Mn2* + Fe?t. (7)
Mn3t + Fe3t — Mn*T + Fe?t, (8)
Mn*t + Fe?t — Mn?t + Fe?t. 9)

3.5 Degradation pathways of atrazine

Based on previous studies, the potential pathways for
atrazine degradation involved alkyl hydroxylation, alkyl
oxidation, dealkylation, and the four processes of dichlo-
rination and hydroxylation (Jiang et al. 2020; Tian et al.
2021; Wu et al. 2018; Zhang et al. 2021b). To further reveal
the atrazine degradation pathways in the Fe-BBC+PS
system, the degradation products were detected and DFT
calculations were performed. Table 2 shows nine atrazine
degradation products, namely CNDT (C;HiCIN;O,),
CAIT(C;HgCIN;), DIA(C;HgCIN;), CADT(C,H,CIN;O),
CATT(C4H,CIN;), OEIT(CgH,5N50), ODIT(C4H,3N:0,),
OAIT (C¢H;;N;O), and OEAT(C;H,N:O,). Based on the
detection of these degradation products and the above-
mentioned previous studies, three possible atrazine
degradation pathways in the Fe-BBC+PS system were
proposed (Fig. 7a).

(a) Cl
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In pathway 1, SO, and -OH attacked the C-C and C-H
bonds in the side chain of atrazine, leading to the forma-
tion of CNDT through alkyl hydroxylation and alkyl oxi-
dation. Subsequently, one of the side chains of CNDT
was attacked by free radicals, resulting in dealkylate to
form CADT. This process continued with the breaking of
the C—N bond, leading to the formation of CAAT. Finally,
CAAT underwent dichlorination and hydroxylation by
reacting with -OH to yield the potential product OAAT.

In pathway 2, one of side chains of atrazine was initially
attacked by SO, and -OH, leading to the breaking of the
C-N bond and the formation of the dealkylation product
CAIT. This process continued with a similar dealkylation
mechanism to produce DIA. Subsequently, one of the
alkyl groups in DIA was oxidized by free radicals, result-
ing in the generation of CADT, and the subsequent deg-
radation pathway followed the same step as in pathway1l.

In pathway 3, -OH initially reacted with atrazine, leading
to dichlorination and hydroxylation and the production of
OEIT. Subsequently, the C—C and C—H bonds in the side
chain of OEIT were attacked by SO, and OH, resulting in
alkyl hydroxylation and alkyl oxidation, to generate ODIT.
Successive dealkylation and alkyl oxidation then occurred
to form OAIT and OEAT. Subsequently, OEAT under-
went dealkylation to produce OAAT, and the side chain
of OAAT was oxidized by -OH to form the less toxic cya-
nuric acid. It was reported that OAAT was the final prod-
uct from the oxidative degradation of atrazine due to its
strong resistance to radicals and the difficulty in its fur-
ther degradation (Zhang et al. 2021b).
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Fig.7 The possible atrazine degradation pathways in (a) Fe-BBC +PS system, (b) structure of atrazine, (c) HOMO, and (d)LUMO calculated by DFT
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The structure of atrazine optimized by B3LYP/6-
31G(d)] method is shown in Fig. 7b. The HOMO and
LUMO of atrazine are shown in Fig. 7c, d, whose energy
levels are —6.365 eV and —0.411 eV, respectively. The
HOMO was located on the bilateral side chain of atra-
zine (Fig. 7c), consistent with the existence of the degra-
dation pathways 1 and 2, where the bilateral side chain
of atrazine was attacked by free radicals, such as SO,
and -OH (An et al. 2023; Zhang et al. 2021b). The LUMO
was mainly distributed on the triazine ring and Cl atoms
(Fig. 7d), consistent with the existence of the degradation
pathway 3, where the production of OEIT was due to the
attack of the C-Cl bond by -OH.

4 Conclusions and prospects

In this study, Fe-rich and Mn-rich bimetallic biochar
composites were prepared and the roles of Fe and Mn
components for removal of PS-based atrazine were
investigated. Although both bimetallic biochar compos-
ites could effectively remove atrazine, Fe-rich bimetallic
biochar was more conducive to oxidative degradation.
Atrazine degradation by Fe-rich monometallic and
bimetallic biochar systems was mainly attributed to free
radicals (i.e., SO, and -OH), while both surface-bound
radicals, 'O,, and free radicals were responsible for the
degradation of atrazine in Mn-rich biochar systems. Fur-
thermore, with higher ratios of Fe(II) and Mn(III) formed
in Fe-rich bimetallic biochar, the valence state exchange
between Fe and Mn contributed to the more effective
activation of PS and the generation of more free radi-
cals. The atrazine degradation pathways in the Fe-rich
bimetallic biochar systems involved alkyl hydroxylation,
alkyl oxidation, dealkylation, and dechlorohydroxylation,
which were established from the degradation products
and DFT calculations. The results indicate that bimetal-
lic biochar composites with more Fe and less Mn were
more effective for the PS-based degradation of atrazine,
which guided the development of carbon materials espe-
cial for modified biochar with active metals to renovate
different kinds of pesticide polluted wastewater or soils.
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