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A B S T R A C T

The simultaneous removal of Cd(II) cation and Se(IV) oxoanion from water by adsorption remains 
a challenge due to their opposite charges. Herein, we impregnate sulfidated nanoscale zerovalent 
iron into porous shrimp shell-derived biochar to establish Fe(0) and FeS active sites for trapping 
Se(IV) and Cd(II), respectively. The resulting composite (SNZVI/BC0.3) exhibited adsorption ca
pacities of 177.8 and 206.6 mg/g for Cd(II) and Se(IV) in the single-component system, respec
tively, at an initial pH of 5.0. In the binary system, these values became 128.4 and 282.8 mg/g. 
Meanwhile, SNZVI/BC0.3 could eliminate over 97 % of Se(IV) and 99 % of Cd(II) in real-world 
water samples with environmental level of these contaminants (1.0 mg/L). In addition, SNZVI/ 
BC0.3 reduced the bioavailable content of Se and Cd in waterlogged soil (pH = 6.6) from 2.531 
and 4.921 mg/kg to 1.407 and 0.908 mg/kg, respectively. Characterization-based analysis indi
cated that the reduction of Se(IV) by Fe(0) and the displacement reaction between Fe(II) in FeS 
and Cd(II) were the main adsorption mechanisms for the Se(IV) and Cd(II) sequestration, 
respectively. Moreover, site energy distribution analysis supported the synergistic adsorption of 
Se(IV) and Cd(II) on SNZVI/BC0.3 via cation bridges formed by the captured Cd(II), which pro
moted the Se(IV) sequestration. This work provides a strategy for the simultaneous remediation of 
Cd(II) and Se(IV) in water and soil.

1. Introduction

Cadmium ion (Cd(II)), a potent environmental contaminant, can lead to osteoporosis and kidney failure at a high intake (Fu et al., 
2023). However, some modern industrial practices such as ore mining and metallurgy bring an excessive discharge of Cd(II) into the 
water environment, posing serious hazards to human beings and ecology (Zhu et al., 2022). In China, Cd(II) is the primary pollution of 
the agricultural soil, leading to more than 7 % (equivalent to approximately 7.2 ×106 ha) of the soil sample exceeding the soil 
environmental quality limit of China (He et al., 2017). In order to decrease the Cd toxicity in the polluted soil, selenium, especially 
selenite (Se(IV)) is proposed to be used under a flooding condition, which would lead to a co-existence of Cd(II) and Se(IV) in the 
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wastewater (Li et al., 2022). In addition, Se(IV), the most toxic form of the Se species, widely exists in the effluents of mining and metal 
processing (Xin et al., 2021). Although Se is a vital trace element for animals and humans, it emerges an extremely high toxicity at an 
elevated concentration(Wang et al., 2022c). Therefore, a strategy for remediating aqueous Cd(II) and Se(IV) is urgently demanded.

Due to the opposite charge, the simultaneous removal of cationic Cd(II) and oxoanionic Se(IV) from water remains challenging, 
especially in the popular remediation technology, e.g., adsorption. In which, the adsorption performance is significantly pH- 
dependent, and the cationic metals are preferable to be captured at high pH while the low pH is suitable for the oxoanions adsorp
tion (Ifthikar et al., 2020). Limited literature showed that the bioremediation, using a bacterial consortium from Pb-Zn mine area, 
could simultaneously eliminate the Cd(II) and Se(IV) from wastewater (Zhang et al., 2022). However, such method struggled against a 
long contact time (144 h for Se(IV) and 10 h for Cd(II)) and a low removal capacity (less than 10 mg/g).

For the Cd remediation, several strategies such as ion exchange (Zheng et al., 2023), precipitation (Su et al., 2022), adsorption 
(González-Fernández et al., 2024) and membrane separation (Zhou et al., 2022b) have been developed. Among these methods, 
adsorption managed by nanoscale zerovalent iron (NZVI) holds promise due to its environmental compatibility and low cost (Falyouna 
et al., 2022). However, the complexation of NZVI toward Cd(II), the main mechanism of Cd(II) immobilization, is seriously affected by 
treatment conditions such as solution pH, resulting in an insufficient removal (Zhang et al., 2014). The sulfidation of NZVI (SNZVI) to 
promote the Cd(II) capture has recently attracted extensive attentions (Guo et al., 2021; Xu et al., 2020c). Because the solubility 
product constant of CdS is significantly lower than that of FeS (8.0 ×10− 27 vs 1.6 ×10− 19), the Fe in FeS can be replaced by Cd and 
forming the long-term stable CdS precipitate, leading to a higher immobilization of SNZVI toward Cd(II) compared to the NZVI (Guo 
et al., 2021).

In respect to the Se(IV) sequestration, NZVI is a feasible candidate through reductive removal, yet suffers from the passivation of the 
iron (hydr)oxides shell and the side reactions between NZVI and the reducible species such as water (Zhou et al., 2022a). Sulfide 
modification is a recommended approach for remedying the defects of NZVI due to the formation of the iron sulfides (e.g., FeS and 
FeS2) around the NZVI. On the one hand, the band gap of FeSx is lower than that of FeOx, emerging a more facile electron transfer from 
the Fe(0) core to the targeted contaminant (Garcia et al., 2021). On the other hand, sulfidation promotes the hydrophobicity of NZVI, 
which mitigates the unwanted reaction between Fe(0) and water (Kansara et al., 2022; Meng et al., 2022).

Taken together, we speculated that the SNZVI could concurrently capture the aqueous Cd(II) and Se(IV) due to its two main 
components, i.e., FeS and Fe(0). For the former, it can sequestrate Cd(II) via the displacement of Fe in a wide range of solution pH, 
while the latter can remove Se(IV) through reduction, forming the insoluble Se(0). In addition, numerous studies identified that the 
impregnation of SNZVI into a biochar could alleviate the agglomeration and the electron loss of SNZVI particles and, thereby boosting 
its remediation performance (Meng et al., 2022; Wang et al., 2022a). We have incorporated NZVI into the shrimp shell-derived 
nitrogen-doped biochar (BC) and found that BC significantly increased the reactivity and electron utilization of NZVI for the sele
nite removal due to its favorable conductivity, high specific surface and buffering effect (Wu et al., 2023). Therefore, SNZVI 
impregnated in the shrimp shell-derived biochar (SNZVI/BC) was supposed to be a high-efficiency candidate for simultaneously 
sequestering Cd(II) and Se(IV). However, the synchronous adsorption behavior and the adsorption mechanism of SNZVI/BC toward Cd 
(II) and Se(IV) remain unknown.

Site energy distribution theory (SEDT) is a powerful approach for the study of complicated adsorption by providing detailed in
formation about the binding energy of the adsorption system, i.e., adsorbent and adsorbate (Hu et al., 2023). SEDT has been suc
cessfully employed for analyzing the adsorption behavior of various adsorbents toward metal cations (Wang et al., 2022b), phosphorus 
(Li et al., 2021), and antibiotics (Wang et al., 2023b). However, the SEDT analysis for the synchronous removal of the oppositely 
charged metal(loid)s, i.e., Cd(II) and Se(IV) from water remains absent.

In this work, SNZVI was impregnated in the shell-derived porous Biochar. forming a platform (SNZVI/BC) with the adsorption sites 
of FeS and Fe(0). Such SNZVI/BC was employed to simultaneously trap the Cd(II) cation and Se(IV) oxoanion from water. The main 
aims of this work were to (1) explore the influence of the feedstock of Fe(III) and S(-II) on the capture of SNZVI/BC toward Cd(II) and 
Se(IV); (2) estimate the effect of adsorption conditions such as solution pH, contact time and initial adsorbate concentration on the 
performance of SNZVI/BC for simultaneous sequestration of Cd(II) and Se(IV); (3) provide insights into the mechanism for the 
simultaneous adsorption of the oppositely charged Cd(II) and Se(IV) onto SNZVI/BC based on the adsorption site energy analysis; (4) 
evaluate the application potential of SNZVI/BC for remediating the Se(IV) and Cd(II) co-contaminated soil.

Fig. 1. Schematic illustration for the SNZVI/BC synthesis.
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2. Materials and methods

2.1. NZVI/BC synthesis

The synthesis process of SNZVI/BC is displayed in Fig. 1. Firstly, the shrimp shell-derived biochar (BC) without calcium carbonate 
was prepared according to our previous work (Wu et al., 2023). The NZVI/BC was then synthesized according to the previously re
ported method with some modifications (Han et al., 2017). Typically, a three-necked flask containing 0.5 g of BC and 100 mL of FeCl3 
solution (0.018 M) was sonicated for 30 min. 50 mL of NaBH4 solution (0.35 M) was added dropwise into the three-necked flask under 
nitrogen purging and 300 rpm mechanical stirring. 50 mL of Na2S solution with different concentrations was subsequently added into 
the flask under nitrogen purging and mechanically stirred for another 2 h to prepare the SNZVI/BC with various S/Fe dosed molar 
ratios (e.g., 0, 0.1, 0.3 and 0.7). The synthesized particles were then withdrawn by a magnet, washed with deoxygenated water and 
deoxygenated ethanol for three times and, freeze-dried for 12 h. The resultant samples were identified as SNZVI/BC0, SNZVI/BC0.1, 
SNZVI/BC0.3 and SNZVI/BC0.7, respectively, according to the S/Fe dose. All chemicals and materials used in this work were presented 
in the supporting information (Text S1).

2.2. Characterizations

The descriptions for characterizations were provided in the supporting information (Text S2).

2.3. Batch adsorption experiments

The batch experiments for adsorption were performed on a ZQWY-200S shaker (Shanghai Zhichu Instrument CO., Ltd.) with a 
speed of 150 rpm at 25 ± 1 ºC. For pH dependence experiments, 20 mg of SNZVI/BC was mixed with 20 mL of solution containing Cd 
(II), Se(IV) and, both Cd(II) and Se(IV), respectively, with the initial pH (pH0) range from 3.0 ± 0.1–6.0 ± 0.1 for wobbling 12 h; the 
initial concentrations (C0) of Cd(II) and Se (IV) were set to be 100 mg/L. Herein, the adsorption conducted in the solution with one ion, 
i.e., Cd(II) or Se(IV), was labeled as the sole system, while the adsorption conducted in the solution with both Cd(II) and Se(IV) was 
designated the binary system. The kinetics experiments were managed by adding 50 mg of adsorbent into 50 mL Cd(II) and/or Se(IV) 
solution with a concentration of 100 mg/L and pH0 5.0 ± 0.1. Aliquots (100 μL) were withdrawn from the treated solution at the 
prearranged time intervals and percolated through a 0.45 μm membrane. The resultant solutions were employed to determine the Cd 
(II) and/or Se(IV) concentration. Adsorption isotherms were conducted on the binary system, in which the C0 for one ion, i.e., Cd(II) or 
Se(IV) was altered from 5 mg/L to 300 mg/L, while the paired ion was fixed at the C0 of 0 mg/L, 100 mg/L, and 200 mg/L, respec
tively. The dose of adsorbent, pH0, and contact time were set to be 1.0 g/L, 5.0 ± 0.1 and 12 h, respectively. The Cd(II) and Se(IV) 
concentrations were determined on an Optima 8000 inductively coupled plasma emission spectrometer (ICP-OES, Perkin Elmer). The 
adsorption capacity (Q, mg/g) was calculated according to Eq. (1): 

Q = (C0 − Ce) V/m (1) 

where Ce (mg/L) denotes the final ion concentration; V (L) and m (g) signify the volume of the treated solution and the mass of 
adsorbent, respectively. The water sample with 100 mg/L Se(IV) and Cd(II) was spiked by several compounds including NaCl 
(0.01 M), NaNO3 (0.01 M), NaSO4 (0.01 M), glucose (100 mg/L) and humic acid (100 mg/L) to study the effect of coexisting com
pounds on the adsorption. The applicability of SNZVI/BC to the real-world sample was assessed in the synthetic wastewaters including 
lake water and sea water spiked with 1000 µg/L Se(IV) and Cd(II). Adsorption experiments were conducted in duplicate and the mean 
value of the result was provided.

2.4. Simulation trials for application in waterlogged soil

The soil was collected on the campus of Beibu Gulf University, fully vacuum-dried at 80 ◦C, pulverized and sieved 0.425 mm sieve. 
Such soil with negligible bioavailable Cd and Se revealed a cation exchange capacity of 9.57 cmol/kg and a pH of 6.8. To mimic the co- 
contaminated soil with Cd(II) and Se(IV), 500 g of soil sample was thoroughly mixed with 250 mL of the Cd(II) and Se(IV) concomitant 
solution (20 mg/L); the mixture was sealed in a 1000 mL beaker and incubated at room temperature for 7 days. The resultant sample 
was vacuum-dried and pulverized to obtain the polluted soil with Cd and Se concentration of 10 mg/kg. The pH of the polluted soil was 
tested to be 6.6. Acidic soils are common in southern China and can significantly increase the Cadmium bioavailability of plants, posing 
health risks to humans due to the intake. For simulating the acidic soil, 50 mL of H2SO4 solution (pH = 1.0) was added to the soil 
(500 g) prior to the blend with Cd(II) and Se(IV). The subsequent procedures were identical to the preparation of the contaminated soil 
without pH adjustment. Such co-contaminated soil revealed a pH of 4.6.

In order to simulate the immobilization of Cd and Se in the waterlogged soil, 20 g of co-contaminated soil, 20 mL of water and 0.6 g 
of SNZVI/BC0.3 were added into a closed erlenmeyer flask, shaken for 24 h at 50 rpm and 25 ºC. For comparison, the co-contaminated 
soils without SNZVI/BC0.3 addition were conducted in the same procedure and served as control. The resultant sample was centrifuged 
for 15 min at 5000 rpm to separate the soil and liquid. The Cd and Se in the supernatant liquid were analyzed on the ICP after passing a 
0.45 μm membrane. The treated soils were vacuum-dried and pulverized. The bioavailable Cd and Se in soils were determined ac
cording to the methods previously reported by Zhang et al. (Zhang et al., 2023) and Zhou et al. (Zhou et al., 2021), respectively, using 
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ICP.

2.5. Error analysis

The fitting quality of the kinetic model and the isotherm model was evaluated by the adjusted coefficient of determination (Adj. R2) 

and root mean square error (RMSE), as expressed in Eq. (2) and Eq. (3), respectively (Hu et al., 2024). In which, yi, y
̀

i and yi represent 
the observed value, the predicted value and the average of all observations, respectively; n and p denote the number of data points and 
the number of model parameters, respectively. The curve fitting is configured with a 95 % confidence level. 

Adj. R2 = 1 −

∑n
i=1(yi − y

̀
i)

2

∑n
i=1(yi − yi)

2 (
n − 1
n − p

) (2) 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
(yi − y

̀
)

2

√

(3) 

3. Results and discussion

3.1. Characterization of SNZVI/BC

The successful preparation of SNZVI/BC and the structural feature were demonstrated by SEM, TEM, XRD, XPS and Raman 
spectroscopy studies. The SEM image of SNZVI/BC0.3 indicated the inoculation of numerous particles with irregular shape onto the 
porous biochar (Fig. 2a). These particles with tens of nanometers were further characterized by TEM and revealed a core-shell 
morphology, in which the core was suggested to be the NZVI while the lamellar shell was designated as the iron sulfides (Fig. 2b). 

Fig. 2. SEM image of SNZVI/BC0.3 (a); TEM image of SNZVI/BC0.3 (b); HAADF-STEM elemental mapping for SNZVI/BC0.3 (c); XRD patterns for 
SNZVI/BC0.3, Se-loaded SNZVI/BC0.3, Cd-loaded SNZVI/BC0.3 and Se/Cd-loaded SNZVI/BC0.3 (d); Raman spectra for BC, SNZVI/BC of varying S/Fe 
molar ratios and Se/Cd-loaded SNZVI/BC0.3 (e); N2 sorption isotherms for BC, SNZVI/BC0.3 and Se/Cd-loaded SNZVI/BC0.3 (f).
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The HAADF-STEM elemental mapping evidenced the homogeneous distribution of sulfur and iron in the particles (Fig. 2c). The XRD 
pattern of NZVI/BC0.3 showed a sharp diffraction peak at 2θ = 44.7º, assigning to the Fe(0) (Fig. 2d). The peak intensity was sub
stantially higher than that of NZVI or NZVI/BC (Wu et al., 2023), indicating that the sulfidation upgraded the crystallinity of iron. This 
result was consistent with the previous studies (Xu et al., 2020a), implying the formation of an alloy compound due to the incorpo
ration of sulfur into the body-centered-cubic structure of Fe(0) (Gao et al., 2023a). Because of the poor crystallinity of iron sulfides (Lv 
et al., 2019), no characteristic peak for the FeSx was observed in the XRD pattern.

The Raman spectra of SNZVI/BC exhibited two characteristic bands of lattice and symmetric stretching for Fe-S at about 209 cm− 1 

and 280 cm− 1, respectively (Liang et al., 2020), compared with the BC. The intensity of these bands increased as the S/Fe molar ratio 
increased, suggesting that a higher S/Fe molar ratio promoted the formation of iron sulfides. The XPS full-range spectrum evidenced 
the elemental composition of SNZVI/BC, i.e., Fe, O, N, C and S (Fig. 3a). The XPS spectrum of S 2p indicated that the S2- and S2

2- were 
the main form of sulfur on the sample surface and, the oxidized S species (SOx) was observed due to the oxidation (Fig. 3d). No signal 
for Fe(0) at about 707.5 eV was observed in the Fe 2p XPS spectrum (Fig. S1), suggesting that the Fe(0) core was coated by the outer 
layer of iron sulfide. This result is consistent with the TEM analysis. Nitrogen sorption isotherms showed that the incorporation of 
SNZVI into BC decreased the SBET and Vg from 213.2 m2/g and 0.360 cm3/g to 96.6 m2/g and 0.209 cm3/g, respectively (Fig. 2f and 
Fig. S2). Even so, the SBET of SNZVI/BC0.3 was significantly higher than that of other SNZVI-based materials, such as S-nZVI 
(50.3 m2/g) (Lv et al., 2018), S-nZVI@Kaol (40.6 m2/g) (Gao et al., 2022). The high surface area would promote the exposure of active 
sites for capturing Cd(II) and Se(IV).

Fig. 3. Full-range XPS spectra of SNZVI/BC0.3, Se-loaded SNZVI/BC0.3, Cd-loaded SNZVI/BC0.3 and Se/Cd-loaded SNZVI/BC0.3 (a); Se 3d XPS 
spectra of Se-loaded SNZVI/BC0.3 and Se/Cd-loaded SNZVI/BC0.3 (b); Cd 3d XPS spectra of Cd-loaded SNZVI/BC0.3 and Se/Cd-loaded SNZVI/BC0.3 
(c); S 2p XPS spectra for SNZVI/BC0.3, Se-loaded SNZVI/BC0.3, Cd-loaded SNZVI/BC0.3 and Se/Cd-loaded SNZVI/BC0.3 (d).

Fig. 4. Effect of initial pH on the removal of Se(IV) and Cd(II) by SNZVI/BC0.3 in different systems.
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3.2. Solution pH

Solution pH changes both the surface charge of adsorbent and the species of adsorbate and thereby influences the adsorption 
performance. Fig. 4 demonstrates the influence of initial solution pH (pH0) on the sequestration performance of SNZVI/BC toward Cd 
(II) and Se(IV) in different systems. In the sole system of Se(IV), the increase of pH0 significantly diminished the removal efficiency due 
to the absence of proton for the reduction of Se(IV) (2Fe0 + SeO2−

3 + 6H+→2Fe2+ + Se0 + 3H2O). However, in the binary system, the 
drop of the removal efficiency for Se(IV) was inferior to that in the sole system as the pH0 increased from 3.0 to 6.0, suggesting a higher 
pH tolerance of SNZVI/BC for Se(IV) uptake in the binary system. In addition, the removal efficiency of Se(IV) in the binary system was 
greater than that in the Se(IV) sole system at pH0 > 3.0. A likely explanation is that the immobilized Cd(II) on SNZVI/BC acted as new 
sites for capturing Se(IV).

For the Cd(II) immobilization, the removal efficiency was almost unchanged at the studied pH0 when the adsorption was conducted 
in the Cd(II) sole system. This result is similar to the sulfidated zero-valent iron for Cd(II) capture (Guo et al., 2021), indicating that the 
displacement between FeS and Cd(II) is immune to the solution pH. This is different from other adsorbents such as MB2 (Qin et al., 
2016), Me-MCS and Ph-MCS (Morshedy et al., 2021), whose adsorptions for Cd(II) were greatly affected by the solution pH. In the 
binary system, the coexisting Se(IV) decreased the Cd(II) removal efficiency, especially at the low pH0, e.g., pH0 = 3.0. This fall of the 
Cd(II) removal efficiency might be due to the shelter the formed Se(0) and iron hydroxides, which suppressed the exposure of FeS, the 
main adsorption site, toward Cd(II) adsorption. In the binary system, the Se(IV) was rapidly reduced to Se(0) that located on the 
SNZVI/BC surface and partially blocked the contact of FeS toward Cd(II). Besides, the fast elevation of solution pH induced a pre
cipitate of iron hydroxide on the SNZVI/BC surface, which also hindered the exposure of FeS to Cd(II). An acidic condition promoted 
the reduction of Se(IV), while a high benchmark pH advanced the rise of solution pH (Fig. S3), both of these cases, i.e., the low and high 
pH conditions, could restrain the uptake of SNZVI/BC toward Cd(II) in the binary system. Therefore, in the binary system, SNZVI/BC 
presented the highest removal efficiency of Cd(II) at pH0 = 5.0. In which, the Cd(II) removal efficiency was 92.4 %, which was slightly 
less than the removal efficiency derived from the Cd(II) sole system (94.1 %). However, the Se(IV) removal efficiency in the binary 
system was significantly higher than that in the sole system (93.1 % vs 83.7 %). Therefore, the solution with pH0 = 5.0 was selected for 
the further experiments.

3.3. Effect of S/Fe molar ratio and adsorption kinetic

The feedstock of S and Fe would change the organization of the two key components, FeS and ZVI, and thereby governed the 
performance of SNZVI/BC toward Cd(II) and Se(IV) sequestration. Fig. 5a and b show the Se(IV) and Cd(II) removal as the function of 
contact time by the adsorbents with different S/Fe molar ratios in the sole system, respectively. The BC revealed a significantly lower 
elimination of Se(IV) and Cd(II) in comparison to the modified BC, i.e., SNZVI/BC, suggesting the key role of zerovalent iron and iron 
sulfide in the removal of Se(IV) and Cd(II). In the sole system, the Se(IV) removal efficiency decreased as the S/Fe molar ratio 
increased. This is unlike the utilization of SNZVI to reductively remove the hydrophobic organic contaminants such as tetra
bromobisphenol and trichloroethylene (Gao et al., 2023a, 2023b; Gu et al., 2017), in which SNZVI with an appropriate S/Fe 
composition could promote the removal performance. In our case, Se(IV) is hydrophilic, which would be excluded by the hydrophobic 
iron sulfide (Xu et al., 2020b), causing an abatement in the sequestration of SNZVI/BC. Furthermore, a high S/Fe molar ratio in the 
feedstock could decrease the content of NZVI (Song et al., 2017), which also fade the performance of SNZVI/BC toward Se(IV) removal. 
For the Cd(II) uptake, the NZVI/BC composite revealed a higher removal efficiency than that of BC due to the NZVI, who provided the 

Fig. 5. Se(IV) (a) and Cd(II) (b) adsorption kinetics onto BC and SNZVI/BC with different S/Fe molar ratios in the sole system; Se(IV) and Cd(II) 
adsorption kinetics onto SNZVI/BC0.3 in the binary systems (c).
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additional adsorption mechanism to Cd(II) (Zhang et al., 2014), such as ≡ FeOH + Cd2+
+ H2O → ≡ FeOCdOH + 2H+. 

Meanwhile, the SNZVI/BC with the S/Fe = 0.3 exhibited the maximal removal efficiency. This result is similar to the 
kaolinite-supported SNZVI for Cd(II) sequestration (Gao et al., 2022), in which the removal efficiency of Cd(II) was promoted as the 
S/Fe molar ratio increased from 0 to 0.3, but decreased with the further increase of the S/Fe molar ratio. A possible explanation for the 
drop of Cd(II) uptake at high S/Fe molar ratio is that the excessive iron sulfides blocked the NZVI toward Cd(II) (Li et al., 2017). 
Evidently, the SNZVI/BC with the S/Fe molar ratio of 0.3 (SNZVI/BC0.3) revealed a favorable performance for both the Cd(II) and Se 
(IV) immobilization and, consequently to be selected for the simultaneous removal of Cd(II) and Se(IV) (Fig. 5c).

Two typical kinetic models, i.e., the pseudo-first-order (PFO) model (Eq. (4)) and the pseudo-second-order (PSO) model (Eq. (5)), 
were employed to analyze the adsorption of SNZVI/BC toward Se(IV) and Cd(II) (Deng et al., 2024). In which, Qt (mg/g) assigns the 
metal uptake at time t (min); Q1 and Q2 (mg/g) designate the equilibrium uptake for the PFO and PSO model, respectively; k1 (l/min) 
and k2 (g/(mg⋅min)) denote the rate constant of the PFO and PSO model, respectively. 

Qt = Q1(1 − e− k1 t) (4) 

Qt = Q2
2 k2 t

/
(1+Qe2 k2 t) (5) 

The fitting results are shown in Fig. S4, and the corresponding parameters are tabulated in Table S1 and Table S2. The SNZVI/BC 
samples demonstrated a higher correlation coefficient (R2 > 0.95) and a smaller RMSE value for PSO model than that for PFO model in 
all adsorption systems, identifying that the rate-controlling step was chemisorption (Wang et al., 2023a; Wen and Hu, 2021). 
Impressively, the SNZVI/BC featured a significantly higher capture rate in the binary system than that in the sole-component system 
when immobilizing Se(IV) and Cd(II). The k2 for Cd(II) and Se(IV) uptake in the binary system are 5.81 × 10− 3 and 3.75 × 10− 3 

g/(mg⋅min), respectively, which are substantially greater than that in the sole-component system (0.51 × 10− 3 and 2.50 × 10− 3 

g/(mg⋅min) for Cd(II) and Se(IV) uptake, respectively). This result indicated the synergistic effect in the simultaneous sequestration of 
Cd(II) and Se(IV), that is, the immobilized ion could perform as the active site to attract the other ion with the opposite charge, and 
thereby promoting the capture rate. This is similar to the simultaneous adsorption of positively charged Cd(II) and negatively charged 

Fig. 6. Comparison of Langmuir, Freundlich, and Sips isotherm models for the Se(IV) (a) and Cd(II) (d) capture by SNZVI/BC0.3 in different systems; 
the approximate adsorption site energy distribution of Se(IV) and Cd(II) derived from Sips isotherm: the plots of E * vs Qe for Se(IV) (b) and Cd(II) 
(e) adsorption, the plots of F(E * ) vs E * for Se(IV) (c) and Cd(II) (f) adsorption.
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Cr(VI) onto the composite of carboxymethyl cellulose and polyethyleneimine (Song et al., 2020).

3.4. Effect of temperature and adsorbent dosage

The effect of the SNZVI/BC0.3 dosage on the simultaneous sequestration of Se(IV) and Cd(II) is shown in Fig. S5. In the two- 
component system with the C0 = 100 mg/L, the capture capacities of SNZVI/BC for Cd(II) and Se(IV) gradually decreased as the 
dosage increased. In contrast, the removal efficiency of Cd(II) and Se(IV) increased with the increase of the dosage, and when the 
dosage was greater than 1.0 g/L, the removal efficiency remained almost constant.

The removal efficiencies of Se(IV) and Cd(II) by SNZVI/BC0.3 at different temperatures (25 ºC, 35 ºC and 45 ºC) in the binary system 
are shown in Fig. S6. The removal efficiency of Se(IV) by SNZVI/BC0.3 gradually increased with the rise of temperature, which is 
similar to our previous work (Wu et al., 2023). Su et al. (2015) showed that the capture of SNZVI toward Cd(II) was an endothermic 
process, and a high temperature was conducive to the adsorption of Cd(II). However, in this work, the removal efficiency of Cd(II) 
remained almost unchanged within the studied temperature range. This might be due to the fact that Se(IV) was sequestrated on 
SNZVI/BC0.3 more rapidly than Cd(II), forming a barrier that prevented the exposure of FeS to Cd(II).

3.5. Adsorption isotherm and site energy analysis

The plots of Qe as a function of Ce at different systems for SNZVI/BC0.3 are illustrated in Fig. 6a and d to investigate the interaction 
of Cd(II) and Se(IV) in the adsorption. For the Se(IV) removal, the coexisting Cd(II) promoted the adsorption capacity of SNZVI/BC0.3 
toward Se(IV). For example, the Qe of SNZVI/BC0.3 toward Se(IV) was 206.8 mg/g in the sole system with C0 = 500 mg/L, while the Qe 
increased to 282.9 mg/g in the binary system with 200 mg/L of Cd(II). However, SNZVI/BC0.3 revealed a diminished uptake for Cd(II) 
as the Se(IV) concentration increased. These results indicated the interaction of Cd(II) and Se(IV) on the surface of SNZVI/BC0.3, which 
will be discussed in the following section. In spite of this, the Qe of SNZVI/BC0.3 toward Cd(II) (178.2 mg/g for the sole system and 
128.4 mg/g for the binary system) outperforms the previously reported S-nZVI (85.0 mg/g) (Su et al., 2015). In addition, in both the 
sole-component or binary-component system, the adsorption performance of SNZVI/BC0.3 for Cd(II) and Se(IV) can be comparable to 
that of the adsorbents reported recently (Table S3).

In order to study the adsorption properties of SNZVI/BC toward Se(IV) and Cd(II) in the sole and binary systems, the equilibrium 
data of adsorption was examined by using three nonlinear isotherm models, i.e., the Langmuir (Eq. (6)), the Freundlich (Eq. (7)), and 
the Sips (Eq. (8)) model (Wang et al., 2025; Xu et al., 2021). In which, Qe, Qm1, and Qm2 (mg/g) designate the equilibrium adsorption 
capacity, theoretical adsorption capacity of Langmuir and Sips isotherm, respectively; Kl (L/mg), Kf ((mg/g)(mg/L)n), and Ks (L/mg) 
signify the model constant of Langmuir, Freundlich and Sips, respectively; n and b are the dimensionless constants of Freundlich and 
Sips model, respectively. Therein, the Sips model denotes a hybrid form of Langmuir and Freundlich model, and b signifies the het
erogeneity factor of the adsorbent. The b values approach to 1.0, indicating the homogenous binding sites of adsorbent, while values of 
b deviate from 1.0, suggesting heterogeneous adsorbents (Ma et al., 2020): 

Qe = Qm1KlCe/(1+KlCe) (6) 

Qe = KfCe
1/n (7) 

Qe = Qm2(KsCe)
b/
[1+(KsCe)

b
] (8) 

The fitting results and the corresponding parameters are shown in Fig. 6 and Table 1, respectively. Among these isotherm models, 
the Sips model with the highest correlation coefficient (R2 > 0.98) and the smallest performed the best fit for the sequestration of Se 

Table 1 
The parameter in Langmuir, Freundlich and Sips adsorption model of Se (IV) and Cd (II) adsorption on SNZVI/BC0.3.

Isotherm model Constant Cd(II) Se(IV)

[Se(IV)] 
0 mg/L

[Se(IV)] 
100 mg/L

[Se(IV)] 
200 mg/L

[Cd(II)] 
0 mg/L

[Cd(II)] 
100 mg/L

[Cd(II)] 
200 mg/L

Langmuir Qm1 (mg/g) 190.7 143.7 140.3 208.4 268.9 307.4
Kl (L/mg) 0.093 0.100 0.058 0.049 0.060 0.062
R2 0.971 0.927 0.927 0.963 0.985 0.984
RMSE 10.51 13.39 12.27 12.48 9.66 11.25

Freundlich Kf (mg/g)(mg/L)n 78.7 65.7 48.6 34.5 49.0 43.8
n 6.34 7.32 5.52 3.145 3.325 2.821
R2 0.837 0.825 0.865 0.986 0.910 0.884
RMSE 43.11 41.25 33.67 7.65 23.1 30.55

Sips Qm2 (mg/g) 170.2 132.1 124.3 237.0 254.3 293.2
Ks (L/mg) 0.130 0.120 0.079 0.032 0.070 0.072
b 2.77 3.50 4.59 0.68 1.34 1.27
R2 0.985 0.989 0.990 0.990 0.991 0.985
RMSE 6.47 4.26 3.95 6.29 6.68 9.40
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(IV) and Cd(II) onto SNZVI/BC0.3 in the studied systems. This result indicated that the adsorption of SNZVI/BC0.3 toward Se(IV) and Cd 
(II) followed the Freundlich model at low concentrations, while it conformed to the Langmuir model at high concentrations (Rajabi 
et al., 2022). In addition, the b values for all adsorption processes were averted from 1.0, indicating a heterogeneous adsorption site on 
the SNZVI/BC0.3 (Ma et al., 2020; Yang et al., 2024).

In order to further study the adsorption properties of Se(IV) and Cd(II) onto SNZVI/BC, the site energy distribution theory (SEDT) 
was employed. By combining with the isothermal model, the SEDT can delineate the heterogeneous adsorption on a specific surface 
from the standpoint of energy and provides the energy of adsorption sites and the relevant distribution function [55]. Generally, the 
site energy distribution was established by the integral equation (Eq. (9)) based on the theory of heterogeneous surface adsorption 
(Song et al., 2024): 

Qe(Ce) =

∫ +∞

0
Qh(E, Ce) F(E) dE (9) 

where Qe(Ce) (mg/g) is the total adsorption capacity on a specific heterogeneous surface; adsorption energy (E, kJ/mol) symbolizes the 
difference of adsorption energy between solute and solvent on a certain adsorption site; Qh(E, Ce) (mg/g) and F(E) (mg⋅mol/(g⋅kJ)) 
signify the energetically homogeneous isotherm and site energy frequency distribution, respectively. According to the Cerofolini 
approximation, the relationship between equilibrium concentration of adsorbate (Ce, mg/L, Se(IV) and Cd(II) in this word) and E can 
be formulated as Eq. (10) (Wang et al., 2022b). In which, Cs denotes the saturation concentration of Se(IV) (Se in Na2SeO3) and Cd(II) 
(Cd in CdCl2), and it is gained from the PubChem database. T (K) and R (8.314 J/(mol⋅K)) represent the absolute temperature and the 
gas constant, respectively. Es (kJ/mol) designates the adsorption energy at Ce = Cs, implying the lowest binding energy for the 
adsorption. E * (kJ/mol) signifies the difference of adsorption energies of solute and solvent on the adsorbent surface, using the 
reference point of Es. A higher E * value suggests a more stable adsorption (Chen et al., 2019): 

Ce = Cs exp[ − (E − Es)/(R T)] = Cs exp[ − E∗/(R T)] (10) 

F(E∗) = − dQe(E∗)/dE∗ (11) 

Combining Eq. (9) and Eq. (10), the F(E * ) is acquired by differentiating the Qe(E * ) isotherm based on the Cerofolini condensation 
approximation, as expressed in Eq. (11) (Shen et al., 2015). Incorporating the Sips model, the model with the best fit, into Eq. (9), the 
final form of F(E * ) is presented as Eq. (12). 

F(E∗) =
Qm2 b (Ks Cs)

b
(R T)− 1 exp[− b E∗

/
(R T)]

{1 + (Ks Cs)
bexp[− b E∗

/
(R T)]}2 (12) 

In addition, the expectation value (μ(E * ), kJ/mol) and standard deviation (σ(E * ), kJ/mol) for E * were employed to study the 
average energy of adsorption site and the surface heterogeneity of site energy, as presented in Eq. (13), Eq. (14) and Eq. (15) (Li et al., 
2021; Song et al., 2024), respectively: 

μ(E∗) =

∫ +∞

0
E∗ F(E∗) dE∗

/∫ +∞

0
F(E∗) dE∗ (13) 

μ(E∗2
) =

∫ +∞

0
E∗2 F(E∗)dE∗

/∫ +∞

0
F(E∗)dE∗ (14) 

σ(E∗) = [μ(E∗2
) − μ(E∗)

2
]
0.5 (15) 

The plots for E * vs Qe and F(E * ) vs E * are depicted in Fig. 6, and the corresponding data including μ(E * ) and σ(E * ) are listed in 
Table 2. SNZVI/BC0.3 exhibited a significant drop in E * as the equilibrium adsorption capacity increased at all studied adsorption 
systems, indicating that Se(IV) and Cd(II) were firstly captured to the adsorption sites with high-energy and then to the low-energy 
adsorption sites (He et al., 2019). For the Se(IV) sequestration, especially in the scope with high Qe, e.g., Qe > 100 mg/g, the 
E * increased as the Cd(II) concentration increased, which resulted in a higher average energy of adsorption site (μ(E * )) (Table 2). 
This result suggested that the adsorbed Cd(II) on the SNZVI/BC0.3 surface promoted the number of high-energy adsorption site, that is, 
the trapped Cd(II) could act as cation bridges to attach the negatively charged Se(IV) and thereby promoted the adsorption affinity. In 
addition, the σ(E * ) value for Se(IV) adsorption in the binary system was drastically diminished in comparison to the value in the sole 
system (Table 2), indicating a more homogeneous surface of site energy (Li et al., 2021). Typically, the heat of a chemical reaction is in 

Table 2 
The key parameters of SEDT calculation results based on Sips model.

Parameters Se(IV) Cd(II)

[Cd(II)] 
0 mg/L

[Cd(II)] 
100 mg/L

[Cd(II)] 
200 mg/L

[Se(IV)] 
0 mg/L

[Se(IV)] 
100 mg/L

[Se(IV)] 
200 mg/L

μ(E * ) （kJ/mol） 24.91 26.78 27.47 29.62 29.45 28.42
σ(E * ) （kJ/mol） 6.34 3.34 3.42 1.69 1.29 0.98
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the range of 21 ̶ 420 kJ/mol (Yan et al., 2017). In this work, the μ(E * ) for Se(IV) adsorption onto SNZVI/BC0.3 in different systems 
were in the 19.35 ̶ 44.49 kJ/mol range. Furthermore, the proportion of the adsorption sites with E * < 21 kJ/mol, the sites conducted 
by physical absorption, was estimated to be 24.8 %, 4.8 %, and 3.9 % for the Se-sole system, binary system with 100 mg/L Cd(II) and 
binary system with 200 mg/L Cd(II), respectively. These results identified the domination of chemisorption in the Se(IV) sequestration, 
which is consistent with the kinetic analysis. Meanwhile, they again demonstrated the substitution of the low-energy sites in 
SNZVI/BC0.3 by the trapped Cd(II), a high-energy site, for capturing Se(IV).

For the Cd(II) adsorption, at all studied systems, the E * ranged from 20.05 to 39.76 kJ/mol, and the proportion of adsorption sites 
with E * < 21 kJ/mol was less than 0.01 %, substantiating the chemisorption (Yan et al., 2017). The E * for SNZVI/BC0.3 decayed upon 
the increase of Se(IV) content in the binary system, causing a decrease of the μ(E * ) (Table 2). Besides, the σ(E * ) decreased as the Se 
(IV) concentration increased, indicating that the trapped Se(IV) on the SNZVI/BC0.3 surface promoted the homogeneity of site energy 
toward Cd(II) adsorption. A possible explanation for these results might be that the immobilized Se, in the form of Se(IV) and/or Se(0), 
shielded the key adsorption sites, FeS, toward Cd(II) and, thereby inhibited their reaction. In fact, the trapped Se(IV) could attract Cd 
(II) by electrostatic interaction, while its adsorption affinity was inferior to that of FeS toward Cd(II). This viewpoint could be verified 
by the following fact. The average site energies of SNZVI/BC0.3 toward Se(IV) and Cd(II) capture were 24.91 and 29.62 kJ/mol and 
these values changed to 27.47 and 28.42 kJ/mol, respectively, in the binary system with 200 mg/L coexisting ion. This result sug
gested that the reaction heat of Se(IV) and Cd(II) on the SNZVI/BC0.3 surface was in the 24.91–29.62 kJ/mol range, lower than the 
average site energy of SNZVI/BC0.3 toward Cd(II) sequestration (29.62 kJ/mol).

3.6. The applicability of SNZVI/BC0.3 for Cd(II) and Se(IV) co-immobilization in the real-world samples

To study the applicability of SNZVI/BC in the real-world samples, SNZVI/BC0.3 was used to immobilize Se(IV) and Cd(II) in the 
waterlogged soil. As shown in Fig. 7, Se(IV) and Cd(II) were more easily released from the acidic soil (pH = 4.6) in comparison to the 
neutral soil (pH = 6.6), resulting in higher concentrations of Se(IV) and Cd(II) in the soil supernatant (0.311 mg/L and 0.392 mg/L at 
pH = 4.6 vs 0.051 mg/L and 0.022 mg/L at pH = 6.6) and higher bioavailable concentrations of Se(IV) and Cd(II) in the soil 
(6.381 mg/kg and 7.110 mg/kg at pH = 4.6 vs 2.531 mg/kg and 4.921 mg/kg at pH = 6.6). SNZVI/BC0.3 decreased the Se(IV) and Cd 

Fig. 7. The concentrations of Se and Cd in supernatant for the soil with pH 4.6 (a) and 6.6 (c) before and after SNZVI/BC0.3 treatment; the con
centrations of bioavailable Cd and Se for the soil with pH 4.6 (b) and 6.6 (d) before and after SNZVI/BC0.3 treatment; Effect of the coexisting 
compounds on the co-adsorption of Se(IV) and Cd(II) on the SNZVI/BC0.3; application of SNZVI/BC0.3 for the simultaneous removal of Se(IV) and Cd 
(II) from deionized, lake and sea water samples spiked with 1000 µg/L Se(IV) and Cd(II).
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(II) concentrations of the supernatant of acidic soil from 0.311 mg/L and 0.392 mg/L to 0.153 mg/L and 0.091 mg/L, respectively. 
Meanwhile, SNZVI/BC0.3 diminished the concentration of bioavailable concentrations of Se and Cd in the same soil from 6.381 mg/kg 
and 7.110 mg/kg to 4.042 mg/kg and 2.206 mg/kg respectively. For the neutral soil, the Se(IV) and Cd(II) concentrations of super
natant were decreased from 0.051 mg/L and 0.022 mg/L to 0.009 mg/L and 0.006 mg/L, respectively, while the bioavailable con
centrations of Se and Cd were decreased from 2.531 mg/kg and 4.921 mg/kg to 1.407 mg/kg and 0.908 mg/kg, respectively, after 
utilizing SNZVI/BC0.3. These results indicated a high performance of SNZVI/BC0.3 for the sequestration of Se(IV) and Cd(II) in 
waterlogged soil. Impressively, the immobilization performance of SNZVI/BC0.3 for Se(IV) in waterlogged soil was inferior to that for 
Cd(II), which was different from the result conducted in water. In which, the capture capacity of SNZVI/BC0.3 for Se(IV) was higher 
than that for Cd(II) (Fig. 6a and d). A possible explanation for this might be that the Fe(0) in SNZVI/BC0.3, the key component for Se(IV) 
capture, was partly eliminated by the side reaction with water during the competitive adsorption with soils. However, the FeS was 
relatively stable and performed well for the Cd(II) immobilization in the waterlogged soil. In the real-world water sample

The effect of the typical coexisting compounds on the simultaneous sequestration of Se(IV) and Cd(II) is shown in Fig. 7e. For the Cd 
(II) sequestration, SNZVI/BC0.3 showed that the removal efficiency for the studied compounds-containing system was comparable to 
the control. In the humic acid-containing system, because of the competitive adsorption [22], SNZVI/BC0.3 revealed a mild decrease in 
the removal efficiency of Se(IV) compared to the control (88.3 % vs 93.4 %). However, the other coexisting compounds exhibited little 
effect on the Se(IV) sequestration. These results indicated the high tolerance of SNZVI/BC0.3 to the coexisting compounds in the co- 
adsorption of Se(IV) and Cd(II). The applicability of SNZVI/BC0.3 for the Se(IV) and Cd(II) sequestration was further studied in the 
real-world water sample spiked with Se(IV) and Cd(II). As shown in Fig. 7f, SNZVI/BC0.3 eliminated over 97 % of Se(IV) and 99 % of Cd 
(II) from the studied samples, highlighting a great potential of SNZVI/BC0.3 for simultaneously sequestrating Se(IV) and Cd(II) from the 
real-world samples.

3.7. Removal mechanism based on the characterization analysis

The SEM images of spent samples revealed a coating that composed of numerous irregular sheets on the SNZVI/BC0.3 (Fig. S7). Such 
sheets mainly consisted of iron oxides, i.e., Fe3O4 and γ-FeOOH, which were derived from the reactions between Fe(0) and oxidants 
such as Se(IV) and O2. This viewpoint could be confirmed by the XRD and the Raman spectroscopy studies (Fig. 2e and f). The XRD 
patterns of the spent SNZVI/BC0.3 revealed the diffraction peak of Fe3O4 at 2θ = 36.2º compared with the untapped SNZVI/BC0.3, along 
with the disappearance of the Fe(0) diffraction peak. Meanwhile, the diffraction peak (2θ = 26.8º) of CdS emerged in the XRD patterns 
of the Cd-loaded SNZVI/BC0.3 and the Se/Cd-loaded SNZVI/BC0.3, supporting the formation of CdS. This result indicated that the 
substitution reaction between iron sulfides and Cd(II) to form the insoluble CdS was one of the mechanisms for capturing Cd(II). 
Furthermore, the intensity of the CdS diffraction peak for the spent SNZVI/BC0.3 derived from the Cd(II) sole system was higher than 
that from the binary system (Fig. 2d), suggesting that more CdS was formed in the Cd(II) sole system in comparison to the binary 
system. This accords with the experimental data (Fig. 5), in which the SNZVI/BC0.3 revealed a higher adsorption capacity in the Cd(II) 
sole system than that in the binary system. In the Raman spectrum of SNZVI/BC0.3 after sequestrating Se(IV) and Cd(II) (Fig. 2f), the 
characteristic peaks of γ-FeOOH, Fe2O3, and Fe3O4 centered at 398.9 cm− 1, 516.5 cm− 1, and 719.4 cm− 1 were observed (Guo et al., 
2021). In addition, two peaks ascribed to Cd-S vibration appeared at about 311.4 cm− 1 and 661.7 cm− 1 (Guo et al., 2021; Kotkata 
et al., 2009), along with the disappearance of the characteristic peaks of FeS in the Raman spectrum of the fresh SNZVI/BC0.3 (Fig. 2f). 
These results again evidenced the capture of Cd(II) via the formation of CdS precipitate, in which the Fe in FeS was replaced by Cd(II).

The SNZVI/BC0.3 before and after capturing metal ions was characterized by XPS to further explore the removal mechanism 
(Fig. 3). The full-range XPS spectra of the spent SNZVI/BC0.3 conducted in Se(IV) sole system and the binary system identified the Se 3d 
signal at about 58 eV, while the Cd 3d signal at about 410 eV appeared in the XPS spectra of spent SNZVI/BC0.3 derived from the Cd(II) 
sole system and the binary system, compared with the fresh SNZVI/BC0.3 (Fig. 3a). These results indicated the adsorption of Se(IV) and 
Cd(II) onto SNZVI/BC0.3. The Se 3d XPS spectra could be deconvoluted into two sub-peaks at 56.5 eV and 59.6 eV, attributing to the Se 
(0) and Se(IV), respectively, indicating the partial reduction of the trapped Se(IV) into Se(0) (Wu et al., 2023). The proportion of Se(0) 
for the Se-loaded SNZVI/BC0.3 was higher than that of the Se/Cd-loaded SNZVI/BC0.3 (73.6 % vs 65.3 %), suggesting that more Se(IV) 
was reduced by SNZVI/BC0.3 in the Se(IV) sole system in comparison to the binary system. However, SNZVI/BC0.3 showed a lower 
adsorption capacity for Se(IV) in the sole system than that in the binary system. A possible explanation for this result might be that the 
trapped Cd(II) in the binary system acted as new active sites for Se(IV) capture. The Cd 3d XPS spectra for the Cd-loaded SNZVI/BC0.3 
and the Se/Cd-loaded SNZVI/BC0.3 exhibited the same binding energies of Cd(II) at 411.2 eV and 404.5 eV (Lv et al., 2018), indicating 
the absence of redox reaction in the Cd(II) adsorption onto SNZVI/BC0.3. For the S 2p XPS spectra (Fig. 3d), the studied samples 
presented three types of sulfur, i.e., SOx, S2

2- and, S2- (Brumovsk et al., 2020). The proportion of SOx decreased after utilization due to 
the dissolution. The relative amount of S2

2- and S2- in SNZVI/BC0.3 did not change significantly during adsorption in the Se(IV) sole 
system, suggesting that the redox reaction between Se(IV) and sulfur is negligible. However, the S2-, as the main site for Cd(II) capture, 
was exposed in the sequestration of SNZVI/BC0.3 toward Cd(II), resulting in a substantial increase in its proportion. The Cd-loaded 
SNZVI/BC0.3 displayed a higher proportion of S2- than that of Se/Cd-loaded SNZVI/BC0.3 (36.4 % vs 26.3 %), suggesting a superior 
capture capacity of SNZVI/BC0.3 for Cd(II) in the sole system than that in the binary system. This accords with the experimental results.

The evidence and mechanism for adsorption were also studied by the FT-IR, SEM-EDS and N2 adsorption tests. As shown in Fig. S8, 
the FT-IR spectra of Se-loaded SNZVI/BC0.3 and Se/Cd-loaded SNZVI/BC0.3 highlighted the symmetric and antisymmetric stretching of 
Se-O at 687 cm− 1 and 842 cm− 1 (Kolmas et al., 2014), respectively, compared to the fresh SNZVI/BC0.3, again evidencing the 
adsorption of Se(IV). The intensities of the two bands for Se/Cd-loaded SNZVI/BC0.3 were significantly greater than that of Se-loaded 
SNZVI/BC0.3, demonstrating a higher absorption capacity of SNZVI/BC0.3 for Se(IV) in the binary system. This corresponds to the 
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experimental result, suggesting that the trapped Cd(II) in the SNZVI/BC0.3 acted as the binding sites for the Se(IV) sequestration. The 
signals of Se and Cd element were detected in the SEM-EDS element mapping of Se/Cd-loaded SNZVI/BC0.3, along with the background 
elements including C, O, N, Fe and S (Fig. S9), again confirming the adsorption of Se(IV) and Cd(II). In addition, the Se/Cd-loaded 
SNZVI/BC0.3 revealed a higher content of iron on the sample surface than that of the fresh SNZVI/BC0.3 (Fig. S10), indicating that 
the released iron from the SNZVI/BC0.3 was precipitated on the SNZVI/BC0.3 surface due to the high pH of the treated solution 
(Fig. S3). Such precipitates filled the pores of the Biochar. causing a significant decrease in the specific surface area and pore volume of 
the SNZVI/BC0.3 (Fig. 2f).

In this paper, zero-valent iron sulfide was constructed on shrimp shell biochar, and Cd(II) and Se(IV) were solidified by FeS and Fe 
(0), respectively. The interaction of two ions with opposite charges during adsorption was studied. the possible mechanism for the 
simultaneous removal of Cd(II) cation and Se(IV) oxoanion from water by SNZVI/BC is depicted in Fig. 8. (1) SNZVI/BC adsorbs Cd(II) 
mainly through the substitution of Cd(II) with Fe(II) in FeS, and adsorbs Se(IV) through the reduction of Fe(0). (2) Cd(II) and Se(IV) 
interact on the surface of SNZVI/BC, and the adsorbed Cd(II) can promote Se(IV) by using cationic salt bridge to adsorb the negatively 
charged Se(IV). The adsorbed Se(IV) can adsorb positively charged Cd(II), but the adsorption site energy of the adsorbed Se(IV) on Cd 
(II) is lower than that of the FeS on Cd(II), and the adsorbed Se(IV) or generated Se(0) partially covers the FeS site, resulting in a small 
decrease in adsorption capacity.

3.8. Recyclability

In order to study the reusability of SNZVI/BC0.3 for the simultaneous sequestration of Se(IV) and Cd(II), SNZVI/BC0.3 (0.05 g) was 
used to treat the Se(IV) and Cd(II) solution (50 mL, C0 = 50 mg/L, pH0 = 5.0, contact time = 6.0 h). The spent SNZVI/BC0.3 was 
withdrawn by a magnet. Such SNZVI/BC0.3 was then treated by NaOH solution (0.1 M) and HCl solution (0.05 M) to discharge 
adsorbed Se(IV) and Cd(II), respectively. The regenerated SNZVI/BC0.3 was used for the next co-adsorption of Se(IV) and Cd(II). Four 
cycles of adsorption-desorption were carried out to evaluate the reusability of SNZVI/BC0.3, and the results are shown in Fig. S11. After 
four cycles of adsorption-desorption, the removal efficiency of Se(IV) and Cd(II) by SNZVI/BC0.3 decreased from 96.4 % and 
94.1–62.8 % and 43.7 %, respectively. The decrease in the removal efficiency of Se(IV) and Cd(II) was mainly due to the irreversible 
consumption of the active component Fe(0) and the dissolution of FeS, respectively.

4. Conclusions

In summary, sulfidated nanoscale zerovalent iron was impregnated into the shrimp shell-derived Biochar. forming a biochar-based 
platform (SNZVI/BC) with FeS and Fe(0). Such SNZVI/BC could trap Cd(II) cation and Se(IV) oxoanion from water and waterlogged 
soil due to the displacement reaction between Fe(II) in FeS and Cd(II) and the reduction of Se(IV) by Fe(0). The SNZVI/BC with a 
feedstock of S/Fe = 0.3 (molar ratio) presented an excellent performance for simultaneously sequestrating Cd(II) and Se(IV). The 
SNZVI/BC0.3 featured a synergistic effect on the simultaneous adsorption of Cd(II) and Se(IV), revealing a substantially faster 
adsorption rate and a higher pH tolerance in the binary system than it did in the sole system. The trapped Cd(II) on the SNZVI/BC0.3 
acted as new sites for Se(IV) capture in the binary system and boosted the Se(IV) adsorption compared with the sole system; while the 
Cd(II) sequestration capacity in the binary system was slightly decreased by the blocker of the generated Se(0) and iron hydroxide in 
comparison to the sole system. The site energy distribution analysis demonstrated that the chemisorption was dominated in the 
adsorption of Cd(II) and Se(IV) onto SNZVI/BC0.3. The trapped Cd(II) increased the adsorption site energy of SNZVI/BC0.3 toward Se 
(IV), while the Se(IV) adsorption decreased the site energy for Cd(II) sequestration. Both adsorbed ions, i.e., Cd(II) and Se(IV) could 
promote the homogeneity of site energy of SNZVI/BC0.3 for the counter ion capture. This work presented an alternative to simulta
neously decontaminate metal cation and oxoanion. Moreover, the methodologies for investigating the simultaneous adsorption 
behavior of the oppositely charged adsorbate could be transferred to the extended systems of water treatment.

Fig. 8. The possible mechanism for the simultaneous adsorption of Se(IV) and Cd(II) onto SNZVI/BC.
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