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Abstract. Protecting ecosystems and human health from potentially toxic
elements (PTEs) like Cd(II) and As is critical. The results showed that S-
nZVI particles were uniformly dispersed in biocarbon matrix. The pseudo-
second-order kinetics and Langmuir model can better match the adsorption
process of Cd(II) and As(IIT) by SFC., with the maximum removal capacity
of 405 mg-g™! and 349 mg-g', respectively. Biochar enhances electron
transport and prevents S-nZVI agglomeration. The removal mechanisms of
SFC, including chemical precipitation, ion exchange and oxidation, shows
great potential for remediation of PTEs pollution in irrigation water.

1 Introduction

Due to the strong toxicity of cadmium(Cd(II)) and arsenic(As), there is a growing concern
that irrigation water is contaminated by Cd(II) and As(III) from various industrial activities
[1-3]. These contaminants build up in the food chain and can cause serious health problems
such renal failure, bone demineralization, and cancer [4,5]. Several techniques have been
proposed to remove Cd(II) and As(III) from water, but all have faced problems such as high
cost or poor effectiveness[6—8]. Adsorption is an effective strategy due to its cost-
effectiveness and in situ application. Biochar has become a research hotspot in the field of
effective toxic element scavengers due to its various excellent properties such as high
porosity, large specific surface area, and diverse surface functional groups[9,10]. However,
pristine biochar has limited affinity for cadmium and arsenic, necessitating modification to
enhance its adsorption capacity. Nano zero-valent iron is an iron material with a substantial
surface area and reactivity characterized by iron oxide as the shell layer and Fe’ as the core,
which can be used to immobilize PTEs in water and soil. Stabilizing nZVI with porous
materials like biochar enhances its stability and efficiency in removing contaminants.
Sulfide-modified nZVI (S-nZVI) exhibits higher reactivity and better dispersibility[11-13].
At present, the composite materials used for adsorption generally have a small adsorption
capacity for heavy metal ions, which can not efficiently and thoroughly adsorb the target
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pollutants. Secondly, most of the composite adsorbents are difficult to be recovered after
entering the water or soil, which may also cause potential secondary pollution risks to the
environment. The development of composite materials combining biochar and S-nZVTI offers
hope for the efficient and reusable removal of heavy metals [14,15]. This study aimed to: (1)
synthesize and characterize SFC for removing PTEs from waters; (2) analyze its
physicochemical properties and structure; (3) evaluate its removal performance and
influencing factors; (4) explore the binding mechanism for Cd(II) and As(IIl); and (5)
evaluate its effectiveness in eliminating contaminants from real natural irrigation water.

2 Methods and experiments

Using bagasse as raw material, bagasse biochar was prepared by pyrolysis at 500°C for 2
hours, and KBC was prepared by KOH treatment and pyrolysis at 800°C for 2 hours. The
SFC was prepared by combining KBC with FeCl., NaBHa4, and Na»S.04. The SFC are
centrifuged under N2 protection and stored in anhydrous ethanol. Langmuir and Freundlich
models were used to fit the adsorption effect of the material, and the adsorption mechanism
was verified. The effects of the coexistence of anions and humic acid on the simultaneous
removal of Cd(II) and As(III) were also investigated, and the application potential of SFC
was confirmed in actual irrigation water samples.

3 Results and discussion

3.1 Characterization

The morphological and structural characteristics of SFC were characterized by SEM images
and various characterization techniques (Figure 1). The results show that BC has abundant
pore structure and large specific surface area, which is suitable for S-nZVI carrier. S-nZVI
exists in the form of nanosheet layers and is easy to agglomerate, while SFC improves the
stability of S-nZVI and reduces the agglomerate phenomenon by using BC as a supporting
framework. The pores of SFC composite are mainly medium pores (9.24nm) with a specific
surface area of 240.1 m*g™', indicating that the stability of S-nZVI can be effectively
enhanced by using BC with a porous structure as the carrier. XRD analysis showed the
presence of FeS phase in SFC and S-nZVI, indicating that iron sulfide was successfully
loaded on the biochar. FTIR spectra identify key functional groups in BC, including C-O-C
and O-H, indicating that oxygen-containing functional groups in BC are effective adsorption
sites for metal ions, which is conducive to the interaction with S-nZVI.

3.2 Kinetic and isotherm

Studies have shown that iron sulfide composites (SFC) are superior to sulfide nano zero-
valent iron (S-nZVI) and bagasse biochar (BC) in the removal of Cd(IT) and As(III) (Figure
2). The pseudo-second-order kinetic model accurately describes the adsorption process of
SFC, indicating that chemisorption is the main mechanism. The adsorption rate constant of
SFC is higher than that of S-nZVI and BC, indicating that SFC has higher adsorption
capacity, which is related to more active sites and excellent diffusion rate. Adsorption
isotherm analysis showed that the maximum removal rates of Cd(II) and As(IIl) by SFC were
significantly higher than those of BC and S-nZVI, and better than other similar materials
(Table 1).
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3.3 Effect of water chemistry

In real wastewater and irrigation waters, Cd(II) removal by SFC is hindered by Ca*, Mg*,
and K" ions due to competition for adsorption sites, with Mg*" causing the most significant
reduction, while PO+*" significantly enhances Cd(II) removal by 26.8% through cadmium
phosphate formation. Conversely, PO+*~ inhibits As(III) adsorption, reducing removal rates
for BC, S-nZVI, and SFC by 25.6%, 18.0%, and 1%, respectively. Ca*", Mg?*, and K*
improve As(IIl) removal by increasing the material's surface charge and promoting Fenton-
like reactions that oxidize As(III) to As(V), forming H2AsO+~ which is more easily adsorbed.
Additionally, SFC slightly increases solution pH, enhancing As(III) ionization and

adsorption affinity (Figure 3).

Table 1. Comparison of adsorption capacity of Cd(II) and As(III) by the different adsorbents.

. Ad.sorptlon Adsorption capacity of
Raw materials pH capacity of Cd(II) As(IIT) (mg-g") References
(mg-g™)
Zeolite-nZVI 7.0 48.63 11.52 [16]
GB-nZVI 7.0 46.4 181.5 [17]
S-nZVI 7.0 11.37 230.29 [18]
biochar supported S-
nZVI 5.0 162 276 [19]
a-FeOOH modified
wheat straw biochar 4.0 629 83 20]
Biochar-supported
nZVI 4.0 67.9 291 [21]
calcium-based
magnetic biochar 6.0 10.07 6.37 [22]
S-Fe-C composites 4.0 405 349 This study
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Fig. 1. SEM (a,b,c), XRD (d) and FTIR(e) of different materials.
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Fig. 2. Kinetic and isotherm of different materials.

3.4 Simultaneous removal of Cd(ll) and As(lil)

The effects of different proportions of Cd(II) and As(III) (Cd:As = 100:0, 100:100, 100:200,
200:0,200:100) on the removal of SFC were investigated (Figure 3 (c)). As the proportion
increased, a synergistic effect was observed, significantly enhancing the adsorption of Cd(II).
Cd(II) removal rate is the highest when the ratio of 1:1. This synergistic effect is due to the
possible formation of Fe-Cd-As ternary complexes on the surface of SFC, and the absorption
of As(IIl) ions on the surface of the material leads to an increase in negative charge, thus
enhancing the adsorption of Cd(II).
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Fig. 3. Effect of SFC on the removal of Cd(II) and As(III) in water: the role of anion and humic acid
(a, b), removal efficiency at different concentrations (c), and removal effect in irrigation water (d).

3.5 Application in irrigation waters

SFC can remove 98.2% of Cd(II) and 96.1% of As in actual irrigation water within 10 min,
respectively, within 10 min, which was comparable to that of milli-Q water. The results show

that SFC has high efficiency and anti-interference performance in purifying Cd(II) and
As(IIT) in water (Figure 3(d)).
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3.6 Mechanism

XRD analysis shows that a new diffraction peak appears after the adsorption of Cd(II) and
As(IIl), indicating that significant oxidation occurs on the surface of SFC during the
adsorption process, and precipitates of hydroxy-iron oxide and cadmium-arsenic are formed
(Figure 4(a)). FTIR spectral analysis further showed that the characteristic peaks of oxygen-
containing functional groups on the surface of SFC had certain shifts and intensity changes,
indicating that these functional groups are related to the complexation that occurs when
Cd(II) and As(III) are removed. EDS analysis showed that the distribution of Fe and O on
the SFC surface was highly consistent with that of Cd(II) and As(IlI), and the contents of
potassium and magnesium on the SFC surface were significantly reduced after the adsorption
of Cd(Il), indicating that SFC adsorbed Cd(II) through ion exchange mechanism[23,24]. The
chemical alterations of the Cd(II) and As(Il)were identified by XPS analysis (Figure 4 (b, c,
d, e)). The original peaks show that S-nZVI was successfully loaded onto the BC. As(V) and
As2S3 were evident in the As3d binding energy, and the production of CdS was validated by
the Cd3d characteristic peak. Fe(Il) and Fe0 peaks shrank after adsorption, whereas Fe(III)
peaks grew, suggesting that surface iron oxidation took place. According to the Haber-Weiss
mechanism, the change in the S2p peak suggests that the oxidation and precipitation of FeS
happen concurrently and that the elimination of Cd(II) and As(III) is largely dependent on
the chemical precipitation of sulfide (Figure 5).
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Fig. 4. XPS spectrum: Changes of surface element content and valence state of SFC before and after
reaction with Cd(IT) and As(III).
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Fig. 5. Mechanism of removal of cadmium and arsenic from water by SFC.
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4 Conclusion

Bagasse biochar improves the electron transfer efficiency through its high specific surface
area, and supports S-nZVI through its porous structure, which reduces the agglomeration
phenomenon and thus improves the removal effect of PTEs. The strong magnetic properties
of SFC solve the problem of biochar recovery. Ca*" and Mg?" reduce the adsorption of Cd(II)
by SFC, while the coexistence of As(IIl) in water can promote the removal of Cd(II) by SFC.
The main mechanism of SFC removal of heavy metals includes oxidation, complexation,
precipitation and ion exchange.
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