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Abstract
To investigate the modification of Pb2+ adsorption of the functional groups of Cladophora rupestris (C.
rupestris) biomass by gamma radiation (60Coγ-ray), the interface structure, chemical properties,
adsorption behaviors, and Pb2+ adsorption mechanisms of C. rupestris biomass were investigated after

irradiation with varying doses of 60Coγ-ray. The results indicate that 60Coγ-ray significantly changed the
surface characteristics and interfacial chemistry of the C. rupestris biomass .This led to fracturing and
fragmentation that produced a larger specific surface area and more abundant pore structure, increasing
the electronegativity in the C. rupestris biomass. The theoretical Pb2+ adsorption capacity increased
significantly (2.6–2.9 times) after 60Coγ-ray irradiation. 60Coγ-ray caused preferential degradation of
protein components in the dissolved organic matter of the C. rupestris biomass, and protein deamination
increased the absorption sites of cations. In the C. rupestris biomass, 60Coγ-ray altered the elemental
composition and functional groups, particularly the carbon- and oxygen-containing functional groups, to
improve Pb2+ adsorption. In conclusion, 60Coγ-ray can activate the functional groups of C. rupestris
biomass and improve their Pb2+ adsorption sites. This study provides new insight into modification of
biomass materials for enhanced removal of heavy metals from waterbodies.

1. Introduction
Heavy metals (HMs) have attracted widespread attention (Godoy et al. 2019) because of their toxicity
and increased presence in waterbodies. Pb2+, known for its bioaccumulation and non–degradability, is
one of the most toxic HMs (Huang et al. 2023; Yang et al. 2014; Yuan et al. 2021), and the amount of
Pb2+ discharged into water systems in China increases every year (Wang et al. 2019). Pb2+

contamination is a serious threat to human health and the environment (Yang et al. 2014).

Pb2+ can be removed from water systems via ion exchange, membrane filtration, chemical precipitation,
and adsorption (Cao et al. 2019; Ge et al. 2022; Miao and Li 2021; Zhang et al. 2019). The adsorption
method has attracted widespread attention owing to its low cost, high efficiency, simple operation, and
short treatment cycle (Miao and Li 2021; Zhang et al. 2019). Cao et al. (2015) and Zhang et al. (2019)
reported that Cladophora rupestris (C. rupestris), which is widely distributed in natural waterbodies
(Sucaldito and Camacho 2017; Zulkifly et al. 2012), presented favorable adsorption for Pb2+ and Cd2+.

Therefore, C. rupestris is valuable as a biosorbent for the removal of Pb2+ from waterbodies. The
theoretical Pb2+ adsorption capacity (Qm) of the organic frameworks of C. rupestris has been found to
be 15.02 mg/g (Zhang et al. 2024).

Biochar has been widely used to remediate HM contamination (Wang et al. 2015). Moreover,
modification of biomass materials, such as silicate-modified oil tea camellia shell-derived biochar for
Cd2+ removal, can often improve their HM absorption capacity (Cai et al. 2021). Wang et al. (2019)

reported that the Pb2+ Qm of fresh biochar at 350 and 650°C was 279.85 and 286.07 mg·g− 1,
respectively. Zhang et al. (2017) demonstrated that humic- and protein-like substances were involved in
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Pb2+ adsorption, and Wang et al. (2022) demonstrated that biochar can enhance Pb2+ adsorption
through the cosorption of dissolved organic matter (DOM). Simultaneously, ultraviolet (UV) irradiation
can promote the generation of new oxidation functional groups (Wang et al. 2023). Ethylenediamine-
modified pectins have exhibited a remarkable removal efficiency for Pb2+ (Liang et al. 2020).

Gamma radiation (γ-ray) is considered an effective physical method for modifying biomass materials by
engaging in cross-linking, grafting, copolymerization, and disintegration processes (Choi and Kim 2013).
Mohamed et al. (2022) showed that 60Coγ-ray could improve the surface characteristics of clay minerals,
enhancing the efficient removal of Gd3+ and Ce3+, with the primary mechanism being radical chemistry
(Han et al. 2022). Zhao et al. (2022) found that polyisoprene underwent molecular transformations upon
exposure to γ-ray, generating carbonyl (C = O) and hydroxyl (O − H) groups, and polyisoprene irradiated
with 100 kGy of 60Coγ-ray caused the fracture of the carbon main chain and oxidation of the side-chain

functional groups. Li et al. (2022) found that higher 60Coγ-ray doses can degrade the dietary fiber of a
navel orange, rupturing the crystalline part of the fiber and breaking the covalent bonds. According to
Gewert et al. (2018) and Wen et al. (2022), 60Coγ-ray can break the main chain of polymers, and the
chemical bonds of DOM can be broken and recombined, thus changing the structural characteristics of
the DOM of C. rupestris.

In this study, to investigate the interface structure, chemical properties, and functional group activation
of C. rupestris biomass irradiated by 60Coγ-ray, C. rupestris biomass samples were treated with different
60Coγ-ray doses (0, 20, 100, and 200 kGy). Pb2+ adsorption characteristics were investigated to reveal
the Pb2+ adsorption mechanism of C. rupestris biomass irradiated by 60Coγ-ray. This study provides new
insight into modification of biomass materials for enhanced removal of HMs from waterbodies.

2. Materials and methods

2.1. Materials and reagents
C. rupestris biomass samples were collected from Heichiba in Hefei city, Anhui, China. The C. rupestris
samples were washed with running water, dried in an oven at 60 ℃ for 24 h to constant weight, and then
crushed through a 100-mesh sieve.

The lead nitrate (Pb(NO3)2) was analytical purity grade and obtained from Sinopharm Chemical Reagent

Co., Ltd. (Shanghai, China). All reagents were analytical purity grade, and solutions were prepared with
ultrapure water (18.25 MΩ•cm).

2.2. 60Coγ-ray irradiation
The C. rupestris biomass samples were irradiated with 60Coγ-ray doses of 0, 20, 100, and 200 kGy (Furui
High Energy Technology Co., Ltd, Guangzhou, China). The samples were stored in sealed brown glass
bottles.
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2.3. Materials characterization
Surface morphology changes were observed by scanning electron microscopy (SEM; s–4800, Hitachi,
Japan). The particle size distribution and specific surface area were measured by a laser particle size
distributor (BT–9300H, Bettersize, China). Surface hydrophilicity was measured by a contact angle
analyzer (DSA100, KRUSS, Hamburg, Germany). Surface electronegativity was measured by a zeta
potential analyzer (Zetasizer Nano ZS90, Malvern, UK). Crystalline phase and crystallinity were analyzed
by X-ray diffraction (XRD; D8 ADVANCE, Bruker, Germany). Functional groups were characterized by
Fourier transform infrared spectroscopy (FTIR; Nicolette 50, Thermo Scientific, USA). The chemical
composition of the DOM was analyzed by a three-dimensional fluorescence spectrophotometer (3D–
EEM; f–4500, Horiba, Japan) and UV-visible spectrophotometer (UV-Vis; UV–1452, Shimazu, Japan). The
active centers and chemical states before and after Pb2+ adsorption were characterized by X-ray
photoelectron spectroscopy (XPS; Escalab 250, Thermo–VG Scientific, USA). The specific experimental
steps are presented in Supplementary Information S1.

2.4. Batch adsorption experiments
Adsorption isotherm experiments were performed at the initial Pb2+ concentrations of 0, 25, 50, 100, 150,
200, 300, and 400 mg/L with a 4 g/L solid-to-liquid ratio in a 180 rpm thermostatic oscillator at 25 ℃ for
24 h. The mixtures were filtered with a 0.45 µm syringe filter, and the concentrations of Pb2+ in the
supernatant were analyzed by a flame atomic absorption spectrophotometer (ZEEnit 700P, Analytic Jena,
Germany). The experiments were performed three times.

2.5. Environmental factors

2.5.1 pH
The C. rupestris biomass of 0.100 g treated with different 60Coγ-ray irradiation doses were added to 25
mL of Pb2+ solution at a concentration of 400 mg/L, and the pH of the mixtures was adjusted by 0.1 M
HNO3 and 0.1 M NaOH to 2, 3, 4, 5, and 6 using a similar experimental step with adsorption isotherms.

2.5.2 Metal ion competition
The C. rupestris biomass of 0.100 g treated with different 60Coγ-ray irradiation doses were added to 25

mL of a solution containing 50 mg/L solution of Pb2+, Cd2+, Cu2+, Zn2+, and Ni2+ to analyze the Qm of the
C. rupestris biomass to different HM ions.

2.6 Release of net alkali metal cations and reusability
The K+, Na+, Ca2+, and Mg2+ concentrations were determined in pure water and in a 400 mg/L Pb2+

solution, and the water-soluble K+, Na+, Ca2+, and Mg2+ contents were calculated per unit of the biomass
(Shen et al. 2017). After the equilibrium of adsorption, the sample was repeatedly centrifuged and
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filtered with ultrapure water for 3 times, and then 0.1 M dilute hydrochloric acid was added for resolution
for 24 h, and the cycle was repeated for 4 times.

2.7. Data analysis
The adsorption isotherms were fitted using the Langmuir and Freundlich models (details in
Supplementary Information S2). The experimental data were analyzed and graphed using SPSS 22.0 and
Origin2018, and the Duncan method was used for the significant difference comparison (p < 0.05).

3. Results and discussion

3.1. Characteristics of C. rupestris biomass irradiated by
60Coγ-rays

3.1.1. Morphology, particle size, and crystallinity
The surface morphology of the C. rupestris biomass treated with different 60Coγ-ray irradiation doses is
shown in Fig. 1. The C. rupestris biomass samples were rough and full of grooves, with particles
attached. However, cracks were gradually generated on the surface of the C. rupestris biomass samples
treated with 60Coγ-ray irradiation and pores tended to develop on the interior surface of the samples.

Notably, with increasing 60Coγ-ray irradiation doses, the surface morphology of the C. rupestris biomass
samples changed more drastically, showing voids, increased tiny pores on the smooth surface, and an
irregular structure. Overall, 60Coγ-ray increased the specific surface area of the C. rupestris biomass
samples, and more developed pore structures were observed at higher 60Coγ-ray irradiation doses.

The particle size distribution of the C. rupestris biomass treated with 60Coγ-ray is shown in Fig. 2a. As
the 60Coγ-ray irradiation dose increased from 0 to 200 kGy, the median diameter (D50) of the particle
decreased from 52.26 to 39.73 µm, respectively. The drop ratio was 23.98% when the 60Coγ-ray
irradiation dose was 200 kGy. The specific surface area of the C. rupestris biomass samples treated with
60Coγ-ray increased 14.6% from 159.1 to 182.3 m2/kg at radiation doses of 0 to 200 kGy, respectively,
indicating that 60Coγ-ray can cause fracture and breakage, creating a larger surface area that can be
conducive to activate relevant functional groups (Zhu et al. 2019). These findings are similar to those of
Mohamed et al. (2022).

The XRD spectra are shown in Fig. 2b. The peak intensity at 2θ values of 29.76°, 39.76°, 47.78°, and
48.89°, which is known as CaCO3 (Miao and Li 2021), was significantly increased, particularly the 2θ
value of 29.76°. This increase was more evident as the irradiation dose increased, indicating that the
crystallinity and brittleness of the C. rupestris biomass increased with increasing 60Coγ-ray irradiation
doses (Xue et al. 2023), and the C. rupestris biomass were easier to break and fracture (Shen et al.
2023). The XRD spectra show that 60Coγ-ray led to the C. rupestris biomass having an amorphous
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structure and their experiencing the breakage of the main polymer chain, which contributed to its
crystallinity (Shen et al. 2023). This result is consistent with the particle size analysis result.

Therefore, 60Coγ-ray can cause the fracture and fragmentation of C. rupestris, resulting in a reduction in
particle size and an increase in specific surface area, which can increase its HM-ion adsorption potential.

3.1.2. Zeta potentials and functional groups
Figure 2c displays the zeta potentials of the C. rupestris biomass with pH values in the range of 2–9.
With increasing 60Coγ-ray irradiation doses, the electronegativity of the C. rupestris biomass s increased,
indicating that 60Coγ-ray causes C. rupestris biomass to attract electrons and become negatively
charged (Liang et al. 2020). In summary, 60Coγ-ray significantly increased the electronegativity of C.
rupestris biomass. The increased electronegativity might increase the adsorption of cations owing to the
reduced electrostatic repulsion between the adsorbent and cations.

The FTIR results of the C. rupestris biomass samples treated with 60Coγ-ray are shown in Fig. 2d. The
deformation vibration of the aromatic CH2 peak at 1428.53 cm− 1 (Godoy et al. 2019) and bending

vibration of the aromatic C − H peaks at 876.02 and 712.73 cm− 1 (Tan et al. 2020; Yang et al. 2014)
significantly decreased as the 60Coγ-ray irradiation dose increased, indicating that 60Coγ-ray induced the
benzene-ring breakage of C. rupestris biomass (Li et al. 2022). The peaks at 2924.76 and 2858.10 cm− 1

(Guan et al. 2020), corresponding to the symmetric and symmetric stretching vibrations of aliphatic C − 
H, respectively, decreased (Zhu et al. 2019), implying the cleavage of the C − H and C − C bonds from the
main polymer chain. The stretching vibration of O − H at 3374.38 cm− 1 (Zhang et al. 2017) was
enhanced and blue shifted, indicating the impact of different irradiation treatments on the structure of
hydrogen and the hydroxyl group in cellulose and hemicelluloses (Li et al. 2022). The intensity of the C = 
O characteristic peak at 1647.89 cm− 1 (Liu et al. 2019), the position and peak shape of the asymmetric
stretching vibration and symmetric stretching vibration of C − O−C at 1161.41 and 1110.30 cm− 1(Chen et

al. 2015), and the stretching vibration of C − O−H at 1034.61 cm− 1 all shifted accordingly after 60Coγ-ray
irradiation. These results demonstrate that oxidation reactions occurred with 60Coγ-ray irradiation that
caused a series of complex chain expansions, branching, and chain termination, and eventually led to the
formation of C = O, C − O−C, and C − O−H (Zhu et al. 2019). The peaks at 1579.18 cm− 1 for C − N and N − 

H showed marked shoulder peaks after 60Coγ-ray irradiation, indicating that more amide functional
groups were generated (Guan et al. 2020). This result is consistent with that of Wang et al. (2023), who
found that C = O and O − H can be formed by UV irradiation. The results are also consistent with those of
Zhu et al. (2022) who found that high-dose irradiation of 60Coγ-ray can significantly destroy the structure
of lignocellulose.

In conclusion, 60Coγ-ray can alter the elemental composition and functional groups of C. rupestris
biomass, especially in carbon- and oxygen-containing functional groups (CFGs and OFGs).

3.1.3. Hydrophilicity
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The water contact angle is used to characterize the hydrophobicity of a material, and the larger the
contact angle, the more hydrophobic the material (Hu et al. 2023). The hydrophilicity was enhanced, and
the adsorption amounts of Pb2+ and Cu2+ increased after microplastic aging (Wang et al. 2023). Figure
3a shows that the water contact angle of the C. rupestris biomass decreased from 99.7° to 87.2° a60Coγ-
ray irradiation doses increased from 0 to 200 kGy, respectively, indicating that the hydrophilicity of C.
rupestris biomass increased. 60Coγ-ray irradiation can produce hydrophilic groups, which enhances the
Pb2+ adsorption efficiency (Wang et al. 2023; Liu et al. 2019).

3.1.4. DOM
DOM can adsorb, complex, and redox HMs (Mu et al. 2022). Huang et al. (2020) reported that DOM and
Pb2+ can form soluble complexes to inhibit the adsorption and precipitation of HMs. After treating the C.
rupestris biomass with 60Coγ-ray, the 3D-EEM fluorescence spectra of the DOM released from the C.
rupestris biomass changed (Fig. 3b). The intensity of peak A at Ex/Em = 276–279/347–353 nm,
assigned to tryptophan-like substances (Li et al. 2020; Liu et al. 2022; Teng et al. 2019), decreased
significantly as the 60Coγ-ray irradiation dose increased and disappeared when the 60Coγ-ray irradiation
dose reached 200 kGy. Meanwhile, peak B at Ex/Em = 336–342/422–428 nm, assigned to humic acid
(HA)-like substances (Li et al. 2020; Liu et al. 2022; Teng et al. 2019), exhibited a significant red shift with
60Coγ-ray treatment, and the fluorescence intensity of the humic component increased in the DOM,
especially when the irradiation dose reached 200 kGy. Therefore, 60Coγ-ray can cause degradation of
protein components and cause the amino group of the protein to fall off, thus increasing the humification
process of DOM (Zhang et al. 2020). Photoaging may promote the release of soluble organics (Hu et al.
2023), causing amino groups of the protein to fall off and the absorption sites of cations to increase,
which might increase the Pb2+ adsorption efficiency (Chen et al. 2020). Shi et al. (2020) demonstrated

that Pb2+ was directly adsorbed by green algae until equilibrium in the presence of HA, and Pb2+ bound
to the algae in the form of a Pb–FA conjugated copolymer (Shi et al. 2020). Pb2+ can form ternary
complexes with biodegradable microplastics and their leached HA, providing new adsorption sites for
unbound Pb2+, thus enhancing the Qm for Pb2+ (Li et al. 2022).

In conclusion, 60Coγ-ray caused preferential degradation of protein components in the DOM of the C.
rupestris biomass (Cao et al. 2019; Yang et al. 2014), and protein deamination increased the absorption
sites of the cations.

As shown in Fig. S1a, the absorption wavelength of the DOM released from the C. rupestris biomass
samples shifted toward the higher wavelength with an increase in the 60Coγ-ray irradiation, suggesting
that 60Coγ-ray caused the oxidation of the DOM (Gao et al. 2021). The absorption peaks of the UV-Vis
spectra at 250–290 nm represent heterocyclic aromatic hydrocarbons, and 390 nm represents the
carbonyl or conjugated groups (Teng et al. 2021). Fig. S1a shows that the UV-Vis spectra at 281 nm were
blue shifted to 269 nm, suggesting that 60Coγ-ray caused the heterocyclic aromatic hydrocarbons to
change in the DOM and indicating that the π–π* electron transition of algae-derived DOM decreased with
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increasing irradiation doses (Janot et al. 2010). The spectra at 400 nm were blue shifted to 390 nm,
indicating that carbonyl or conjugated groups were produced by 60Coγ-ray irradiation and 60Coγ-ray had
some effect on the polyene structure containing seven conjugated double bonds in the visible region of
the algae-derived DOM (Klempová et al. 2023; Zhou et al. 2020).

In conclusion, 60Coγ-ray causes successive decomposition and transformation of DOM, altering the
molecular configuration of DOM (Dryer et al. 2008).

3.2. Adsorption of Pb2+ onto C. rupestris biomass

3.2.1. Qm
The Langmuir and Freundlich isotherms of Pb2+ on the C. rupestris biomass treated with different doses
of 60Coγ-ray irradiation are shown in Fig. 4. The theoretical Pb2+ Qm of the C. rupestris biomass

increased significantly to 74.907, 79.800, and 82.550 mg/g after 60Coγ-ray irradiation doses of 20, 100,
and 200 kGy, respectively, with an increase of 2.6–2.9 times. After 60Coγ-ray irradiation, the Pb2+

adsorption of the C. rupestris biomass showed a linear growth trend at equilibrium concentrations (Ces)
in the range of 0–40 mg/L and then became saturated when Ce ≥ 40 mg/L. This may be attributed to
60Coγ-ray, which increases the adsorption sites and functional groups and reduces the spatial site
resistance, thus significantly increasing the equilibrium Qm (Spessato et al. 2019).

The fitting parameters of the Langmuir and Freundlich models are listed in Table 1. The adsorption
isotherms were well fit by the Langmuir and Freundlich models (R2 ≥ 0.92) when the 60Coγ-ray irradiation
dose was lower than 100 kGy; subsequently, the R2 dropped significantly, particularly in the Freundlich
model (R2 = 0.70) at 200 kGy, which indicates that the Freundlich model was unable to describe the
adsorption characteristics in the analyzed cases. The KL values of the Langmuir model decreased as the
60Coγ-ray irradiation dose increased, indicating that the adsorption process was not a single surface
chemisorption but was also affected by other forces (Li et al. 2020; Martins et al. 2015). Liu et al. (2019)
found that the surface of UV-aged microplastics is rougher and has some cracks. The high energy of
60Coγ-ray can allow oxidation to occur in the deeper layers, which leads to enhanced chemisorption
(Huang et al. 2020; Teng et al. 2019; Zhang et al. 2020). The Freundlich constant Kf—free energy of

adsorption—indicates the lative biosorption capacity of the biosorbent bonding energy. In this study, Kf

was 1.48–10.72, which reflects the high affinity of Pb2+ to the binding sites of the C. rupestris biomass
(Pillai et al. 2013), especially at the 60Coγ-ray irradiation dose of 200 kGy. The slope 1/n in the Freundlich
model was less than 1, indicating that 60Coγ-ray irradiation increased the surface heterogeneity of the C.
rupestris biomass(Xie et al. 2015).
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Table 1
Adsorption isotherm parameters of the Langmuir and Freundlich models

Irradiation
treatment

  Model parameters

  Langmuir   Freundlich

  KL/L•mg− 

1

  Qm/mg•g− 

1
  R2   Kf mg1 

− 1/n•g− 

1•L1/n

  1/n   R2

0 kGy   0.808   30.383   0.924   9.43   0.272   0.981

20 kGy   0.137   74.907   0.965   7.85   0.494   0.943

100 kGy   0.125   79.800   1.000   7.48   0.494   0.999

200 kGy   0.167   82.550   0.842   10.72   0.439   0.696

In conclusion, 60Coγ-ray irradiation decreases the free energy of adsorption, increasing the biosorption

capacity and affinity of Pb2+ to the binding sites of C. rupestris biomass.

3.2.2. Influence of pH
The influence of pH on the Pb2+ adsorption capability of the C. rupestris biomass is shown in Fig. 5a. The

Pb2+ adsorption capability of the C. rupestris biomass increased as the pH increased, and the Pb2+ Qm
increased to 19.04 mg/g when the pH was 6. This trend can be attributed to the increased dissolution of
insoluble crystalline minerals in low pH environments, which releases a large number of cations (H+, K+,
Na+, Ca2+, and Mg2+) that can compete with Pb2+ for adsorption sites, leading to a decrease in Pb2+

adsorption (Wang et al. 2022). As the solution pH increased, deprotonation of the functional groups led
to the formation of negative charges, facilitating cation adsorption through electrostatic interactions
(Liang et al. 2020). After 60Coγ-ray irradiation, the pH had no significant effect on the Pb2+ adsorption.

The above phenomena indicate that C. rupestris biomass has better environmental adaptability to Pb2+

after 60Coγ-ray irradiation (Yang et al. 2014)—consistent with the results of the zeta potential analysis.

3.2.3. Competitive adsorption of other HM ions
The competitive adsorption of the C. rupestris biomass is shown in Fig. 5b. There was a significant
difference for the different HMs, and the order of Qm was Pb2+ > Cd2+ > Ni2+ ≈ Zn2+ > Cu2+, implying
preferential adsorption of Pb2+. These results are similar to those of Cao et al. (2015), in which C.
rupestris was found to be able to accumulate Pb2+. Zhang et al. (2019) suggested that C. rupestris has a
bioremediation potential for Cd2+. After the irradiation of 60Coγ-ray at doses of 0 to 200 kGy, the Pb2+ Qm
increased from 10.73–24.00%, respectively. The adsorption capacities of Zn2+, Cd2+, and Ni2+ also

improved significantly after 60Coγ-ray irradiation, but the Cu2+ Qm did not significantly increase.
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These findings suggest that 60Coγ-ray irradiation can activate the relevant adsorption sites and
functional groups, and, among all the HMs tested, C. rupestris biomass demonstrated the highest affinity
for Pb2+. These findings are similar to those of Zhao et al. (2023).

3.2.4. The reusability and desorption
As shown in Fig. 6, after four desorption and regeneration cycles, the adsorption capacity of Pb2+ on C.
rupestris biomass samples after 60Coγ-ray irradiation only decreased by 28.25%, 17.51%, 18.97% and
15.36%. This phenomenon suggests that the adsorption capacity of the biomass is still high after several
desorption and regeneration cycles (Chen et al. 2021)

3.3. Effect of groups activation by 60Coγ-ray and adsorption
of Pb2+

As shown in Fig. 7, 10.1 wt % Pb was detected on the C. rupestris biomass samples and Pb was mainly
adsorbed on the surface and pores by combining with C and O.

As shown in Fig. S2 and Table S1, C. rupestris biomass contains a large amount of O (50.37%), C
(28.12%), and Ca (19.22%), as well as a small amount of N (2.30%). The functional groups and
amorphous parts have been reported to be composed of these elements can act as initiators for
photodegradation (Zhu et al. 2019). The O content and O/C ratio increased with increased 60Coγ-ray

irradiation doses, indicating that 60Coγ-ray can cause C. rupestris biomass to produce more OFGs (Hu et
al. 2023). The Pb 4f characteristic peak appeared in the irradiated C. rupestris biomass, indicating that
Pb2+ was successfully adsorbed onto the C. rupestris biomass.

The C 1s peak of the C. rupestris biomass can be deconvoluted into four individual peaks corresponding
to C−(C, H)/C = C (284.80 eV), C − O (286.20–286.73 eV), C = O (287.81–288.03 eV), and O − C = O
(288.60–289.55 eV) (Zafar et al. 2022) (Fig. 8). After the irradiation of 60Coγ-ray at doses of 0 to 200 kGy,
the peak intensity of C−(C, H)/C = C of the C. rupestris biomass decreased from 15.14–11.25%, and the
peak intensity of C − O increased from 15.6 to 11.34%, respectively. This result indicates that 60Coγ-ray
irradiation caused the C−(C, H) bonds to fracture and the benzene ring to open. These broken bonds are
highly reactive and rapidly react with O2 to form C − O bonds (Wang et al. 2023), which subsequently
form C = O bonds, leading to the generation of unsaturated bonds represented by alcohols, aldehydes,
and acids (Zhu et al. 2020). The C−(C, H)/C = C content in the C. rupestris biomass irradiated with 0 kGy
of 60Coγ-ray and loaded with Pb2+ showed the most pronounced shift of 2.61%, indicating that the
aromatic structure of the C. rupestris biomass participated in the Pb–π interaction adsorption process
(Liu et al. 2023). After being treated with 60Coγ-ray, the consumption of C − O was between 10.23% and
11.13%, indicating that the functional groups with C as the backbone underwent significant changes.

Oxygen atoms often act as electron donors to form stable covalent bonds with HMs and play a crucial
role in chelation (Wu et al. 2019). The primary OFGs in the C. rupestris biomass were C = O and C − O
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(Fig. S3). After 60Coγ-ray irradiation, the content of the C = O bonds decreased while that of the C − O
bonds increased, and the ratio of C = O/C − O decreased from 1.56 to 1 for 60Coγ-ray doses of 0 to 200

kGy, respectively. The O − C = O functional group was observed when the 60Coγ-ray dose was 200 kGy,
indicating that the OFGs of C. rupestris biomass were enhanced after 60Coγ-ray irradiation (Wu et al.
2021). The binding energy of the OFGs declined in the Pb-loaded C. rupestris biomass, suggesting that
the chelation by the OFGs is crucial during Pb2+ adsorption. After 60Coγ-ray irradiation, the content of the

C − O bonds in the C. rupestris biomass loaded with Pb2+ decreased from 12.97–9.36% for 60Coγ-ray
doses of 0 to 200 kGy, respectively. Particularly, the O − C = O content of the C. rupestris biomass sample
treated with 200 kGy of 60Coγ-ray irradiation decreased to 5.77%, indicating that O − C = O plays an
important role in Pb2+ adsorption (Chen et al. 2021). In summary, 60Coγ-ray irradiation activates the
OFGs of C. rupestris biomass, enhancing the ability of the OFGs in C. rupestris biomass to bind with
Pb2+.

As shown in Fig. 9, the Pb 4f7/2 and Pb 4f5/2 spectra of the C. rupestris biomass samples after 60Coγ-
ray irradiation can be deconvoluted into a pair of peaks corresponding to Pb2+ and Pb − O (Wu et al.

2019). Therefore, the main combined forms of Pb were Pb2+ and Pb − O. This phenomenon suggests that
not only electrostatic interactions but also bonding interactions existed between Pb and C. rupestris
biomass (Wu et al. 2019). The Pb2+/Pb − O ratio changed from 1.53 to 0.85 after the irradiation of 60Coγ-
ray at doses of 0 to 200 kGy, respectively, indicating that 60Coγ-ray irradiation promoted the bonding
interaction between the C. rupestris biomass and Pb to form Pb − O.

However, the XRD results show that no Pb precipitation was generated after the adsorption of Pb2+ (Fig.
10), indicating that precipitation was not an adsorption mechanism of Pb2+.

3.4 Release of metal ions and DOM from C. rupestris
biomass by 60Coγ-ray
The release of small amounts of K+, Na+, Mg2+, and large amounts of Ca2+ from the solution before and
after the adsorption of Pb2+ by the C. rupestris biomass samples is shown in Table S2, suggesting that
60Coγ-ray was more favorable for Ca2+ release from the cell wall of the C. rupestris biomass samples

(Fan et al. 2021), resulting in enhanced ion exchange between Pb2+ and Ca2+ (Gao et al. 2019).

After Pb2+ adsorption, the 3D-EEM fluorescence spectra of the DOM released from the C. rupestris
biomass decreased drastically, indicating that 60Coγ-ray caused π-electron mobility on the aromatic
carbon “core” and enhanced the conjugated unsaturated structure (Fig. S4) (Qu et al. 2016). In Fig. S1b,
the disappearance of the two shoulder peaks suggests the binding of Pb2+ and the DOM. In the
wavelength range > 390 nm, the absorption spectra of DOM showed almost no change, suggesting that
intermolecular reaction and the molecular structure did not play a significant role in the binding of Pb2+

and the DOM due to 60Coγ-ray (Yan et al. 2013). Therefore, the binding of Pb2+ and the DOM was mainly
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due to the interaction of the carboxylate chromophores with 60Coγ-ray (Teng et al. 2021). 60Coγ-ray
caused the successive decomposition and transformation of the DOM of the C. rupestris biomass, and
the carboxy chromophore played an important role in the reaction with Pb2+.

In conclusion, 60Coγ-ray irradiation causes C. rupestris biomass to be dearomatized, which exposes
more unsaturated carbon-binding sites for Pb2+ adsorption, while C. rupestris biomass treated with a
high 60Coγ-ray irradiation dose contain more OFGs and ion-exchange sites, which provide more active

adsorption sites for Pb2+ (Li et al. 2018).

4. Conclusions
(1) 60Coγ-ray significantly changed the surface characteristics and interfacial chemistry of the C.
rupestris biomass, causing fracturing and fragmentation, producing a larger specific surface area and
more abundant pore structure, and increasing the electronegativity.

(2) The theoretical Pb2+ Qm of the C. rupestris biomass increased significantly (2.6–2.9 times) after
60Coγ-ray irradiation. 60Coγ-ray irradiation can activate the relevant adsorption sites and increase the

Pb2+ affinity of C. rupestris biomass.

(3) 60Coγ-ray caused preferential degradation of protein components in the DOM of the C. rupestris
biomass, and protein deamination increased the absorption sites of cations.

(4) 60Coγ-ray altered the elemental composition and functional groups of the C. rupestris biomass,

especially the carbon-containing functional groups and OFGs. 60Coγ-ray irradiation activated the OFGs of
the C. rupestris biomass, promoting the adsorption of Pb2+.

(5) 60Coγ-ray irradiation produced a high degree of dearomatization, which exposed more unsaturated

carbon-binding adsorption sites for Pb2+. The C. rupestris biomass treated with a high 60Coγ-ray
irradiation dose of 200 kGy contained more OFGs and ion-exchange sites, which provided more active
Pb2+ adsorption sites.

These findings indicate that irradiation of 60Coγ-ray is an efficient technique for improving the Pb2+

adsorption of C. rupestris biomass, aiding in enhanced removal of HMs from waterbodies.
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Figure 2

(a) Particle size distribution, (b) XRD, (c) zeta potential, and (d) FTIR of C. rupestris biomass treated with
different 60Coγ–ray irradiation doses
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Figure 3

(a) Water contact angle and (b) 3D-EEM spectra of DOM from C. rupestris biomass treated with different
60Coγ–ray irradiation doses

Figure 4
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(a) Langmuir and (b) Freundlich isotherms of Pb2+ on the C. rupestris biomass treated with different
60Coγ–ray irradiation doses

Figure 5

(a) Influence of initial pH and (b) co–existing ions on Pb2+ adsorption for C. rupestris biomass treated
with different 60Coγ–ray irradiation doses
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Figure 6

Adsorption efficiency of C. rupestris biomass samples irradiated by 60Coγ-rays on Pb2+ adsorption for
four consecutive adsorption/desorption cycles
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Figure 7

SEM-EDS spectrum of C. rupestris biomass samples irradiated by 60Coγ-rays after adsorption of Pb2+
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Figure 8

C 1s spectra of C. rupestris biomass samples irradiated by 60Coγ-ray before (above) and after (below)

adsorption of Pb2+
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Figure 9

Pb 4f7/2 and Pb 4f5/2 spectra of C. rupestris biomass treated with different 60Coγ–ray irradiation doses
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Figure 10

XRD of C. rupestris biomass samples irradiated by 60Coγ-ray after adsorption of Pb2+
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