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A B S T R A C T

Arsenic (As) pollution poses a serious threat to both ecological systems and human health, making the devel
opment of economical and efficient remediation materials a key research priority. Steel slag (SS) and corn straw 
biochar (BC) are promising low-cost precursors with strong potential for As immobilization. In this study, steel 
slag–corn straw biochar composites (SSBCs) were produced via co-pyrolysis to elucidate their mechanisms for 
immobilizing As in contaminated paddy soils and inhibiting As uptake by ryegrass. Through ryegrass pot ex
periments and adsorption analyses, the As-reduction performance of BC, SS, and SSBCs was systematically 
evaluated, with particular emphasis on their effectiveness in lowering As bioavailability in paddy soil. Pot ex
periments revealed the application of 2 % SSBCs increased ryegrass biomass while markedly decreasing As 
accumulation in ryegrass roots. Furthermore, SSBC₁ (SS: BC= 1:1, mass ratio) and SSBC₂ (2.5:1) treatments 
elevated soil pH and significantly reduced available As concentrations. Characterization analyses indicated that 
the enhanced As(III) removal efficiency of SSBC₁ was primarily attributable to its hydroxyl, Ca–O, and Fe–O 
functional groups and its porous structure, which promoted surface complexation and electrostatic adsorption. In 
adsorption experiments, both BC and SSBCs rapidly adsorbed As(III), reaching equilibrium within 120 min. 
Among them, SSBC₁ exhibited the highest adsorption capacity (21.64 mg g⁻¹), representing a six-fold increase 
compared with BC (3.46 mg g⁻¹). Adsorption capacity increased under acidic conditions (pH 3.0–7.0), and SSBC₁ 
significantly enhancing soil As(III) retention. These mechanisms contributed to effective As immobilization, 
thereby reducing its bioavailability and subsequent plant uptake. Overall, the preparation of SSBCs improved the 
physicochemical properties and surface structure of BC, enhanced its adsorption performance, and demonstrated 
strong potential for the remediation of As-contaminated paddy soils.

1. Introduction

Arsenic (As) pollution is prevalent in the environment, largely due to 
anthropogenic activities such as mining and smelting of As and As- 
containing minerals, as well as the prolonged use of As-based chem
icals, pesticides and herbicides (Pérez-Sirvent et al., 2016). Notably, 
chronic exposure to As has been associated with dermatological lesions, 
organ damage, cardiovascular and neurological disorders, and multiple 
forms of cancer (Gadd, 2009). Consequently, the International Agency 
for Research on Cancer (IARC) has classified arsenic in drinking water as 
a Group 1 human carcinogen (Luo et al., 2014). Soil As contamination is 
also a major concern. According to China’s "National Soil Pollution 

Status Survey Bulletin" published in 2014, As concentrations in arable 
soils, such as those near realgar and coal mines (Gong et al., 2020), have 
exceeded permissible limits, with an exceedance rate of 2.7 %. Such 
contamination degrades soil functions and poses significant risks to 
agricultural safety. Addressing this challenge requires effective strate
gies to reduce the bioavailability and mobility of arsenic in soils. Among 
these approaches, passivation remediation has shown considerable 
promise, provided that efficient and economical amendment materials 
can be developed (Dan et al., 2023).

Steel slag (SS) is a solid by-product of iron and steel production. In 
2021, China produced about 1 billion tons of crude steel, generating 
more than 150 million tons of SS (Liu et al., 2024; Zhang et al., 2024). 
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The growing stockpiles of SS present a significant environmental chal
lenge, with over 70 % remaining underutilized and contributing to 
farmland disruption, water contamination, and air pollution 
(Dippenaar, 2005; Guo et al., 2018). Notably, SS contains components 
such as CaO, SiO₂, and FeO, and exhibits inherent alkalinity and 
adsorption capacity when processed into fine particles (Kim et al., 
2021). These properties enable SS to immobilize As through precipita
tion, adsorption, and co-precipitation mechanisms (Li, Qi, et al., 2021; 
Shi et al., 2018). However, despite its potential for As detoxification, the 
practical use of SS remains constrained by factors such as low removal 
efficiency, limited adsorption capacity, and the risk of excessively 
increasing soil pH. To address these limitations, recent studies have 
explored combining SS with biomass-derived materials, which signifi
cantly improves the composite’s physical properties and ultimately en
hances its potential for soil remediation (Tian et al., 2025).

Among these biomass-derived materials, biochar produced through 
the thermal pyrolysis of agricultural residues such as corn straw has a 
porous structure and a large specific surface area, giving it a measurable 
capacity to adsorb As (Lehmann and Joseph, 2009). However, the 
intrinsic adsorption capacity of biochar for As is limited. In practical 
applications, biochar often requires modification to improve its 
adsorption performance (Jin et al., 2014). For example, Khan et al. 
(2020) reported that molybdenum disulfide-impregnated FeOx@BC800, 
prepared via the hydrothermal method, achieved effective As(III) 
removal from aqueous solutions. Similarly, nano zero-valent iron-
modified biochar has been shown to reduce As bioavailability in soils, 
lowering As accumulation in vegetables by 21.99–35.01 % (Yang et al., 
2021). Nevertheless, the high cost of many modification reagents limits 
their suitability for large-scale applications. In this context, using 
low-cost, Fe-rich steel slag as a modifier for biochar offers a promising 
“waste-treating-waste” strategy. Although some studies have reported 
synergistic effects between SS and biochar in alleviating heavy metal 
stress in plants (Kapoor and Hasanuzzaman, 2024), systematic in
vestigations into the mechanisms of steel slag–modified biochar com
posites in arsenic-contaminated soils remain scarce. Therefore, this 
study aims to synthesize a novel composite material using steel slag and 
corn straw biochar and to evaluate its effectiveness and underlying 
mechanisms in reducing As bioavailability in soil. Through a combina
tion of pot experiments, adsorption tests, and material characterization 
analyses, we seek to elucidate the immobilization behavior and in
teractions between the composite and arsenic, thereby providing a sci
entific foundation for developing cost-effective remediation strategies 
for As-contaminated soils.

2. Materials and methods

2.1. Materials

Corn straw, an agricultural waste material, was collected from the 
farmland in Tianjin, China, referring specifically to the above-ground 
residues remaining after corn ear harvest. Steel slag powder (SS) was 
obtained from Tangshan Iron and Steel Group Co., Ltd. (Tangshan, 
Hebei Province, China), with a median particle size was 13.2 μm, 
measured using a Malvern Mastersizer (Malvern Instruments Ltd., UK). 
An As(III) solution (Na₂AsO₃, 1000 mg L− 1) was purchased from Inor
ganic Ventures Co. (Virginia, USA), and all other analytical-grade 
chemicals were supplied by Xilong Science Co., LTD (Shantou, Guang
dong Province, China). All experiments were conducted using deionized 
water with a resistivity of 18.25 MΩcm− 1.

2.2. Biochar preparation

Corn straw biochar (BC): Collected corn straw was oven-dried at 60 
◦C, ground, passed through a 100-mesh nylon sieve, weighed, and 
placed in a crucible. The samples were then subjected to pyrolysis in a 
tube furnace. Nitrogen gas was purged for 20 min at a flow rate of 

6000 cm³ ⋅min⁻¹ to create an oxygen-free environment. During pyrolysis, 
nitrogen continued to flow while the samples were heated at 10 
◦C⋅min⁻¹ to 600 ◦C and maintained for 2 h (Lin et al., 2019), producing 
BC.

Steel slag-corn straw biochar composites (SSBCs): SS and BC were 
mixed at mass ratios of 1:1, 2.5:1, and 10:1, designated as SSBC₁, SSBC₂, 
and SSBC₃, respectively. To prepare the composites, predetermined 
amounts of BC and SS were placed into a crucible, followed by the 
addition of 40 mL of deionized water. The mixture was stirred thor
oughly and evaporated in a 95 ◦C water bath (Lian et al., 2020). After 
drying, the mixtures were co-pyrolyzed under the same conditions used 
for BC preparation (600 ◦C for 2 h under an N₂ atmosphere), based on 
previous experiments and literature methods (Lin et al., 2019). The 
physicochemical properties, scanning electron micrographs (SEM), 
Fourier transform infrared (FTIR) spectra, and X-ray photoelectron 
spectroscopy (XPS) results of SS, BC, and SSBCs are presented in the 
Supporting Information (SI).

2.3. Pot experiment

2.3.1. Ryegrass seeds
Ryegrass (Lolium perenne L) seeds were purchased from Jiangsu 

Chuhan Seed Industry Co., Ltd. (Suqian, Jiangsu Province, China). Seeds 
of uniform size were surface-sterilized with 5 % sodium hypochlorite 
solution for 15 min and rinsed several times with deionized water. The 
seeds were then germinated in 9 mm petri dishes at 25 ◦C in a constant- 
temperature incubator (POX 330A-12HM, Ningbo Life Technology Co., 
Ltd., Zhejiang, China) in the dark form May 30th to June 4th, after 
which they were transferred to an artificial climate chamber at Shantou 
University (Shantou, Guangdong Province, China) with controlled 
conditions of 25 ◦C temperature, 70 % relative humidity, and 12 h 
d− 1illumination.

2.3.2. Pot experiment
Two types of As-contaminated paddy soils (classified as Ultisols, 

USDA system), one with high and one with low arsenic levels, were 
collected from the plow layer (0–20 cm) in Foshan City, Guangdong 
Province. Soil samples were air-dried, finely ground, and sieved through 
3 mm nylon mesh. The key physicochemical properties of the soils were 
as follows for the low- and high-As soils, respectively: pH, 7.02 and 6.13; 
organic matter, 26.30 and 16.65 g kg⁻¹ ; total As, 71.81 and 
109.77 mg kg⁻¹ ; and available As, 0.35 and 0.84 mg kg⁻¹ . Their phys
icochemical properties are shown in Table 2 (Supporting Information).

For the pot trial, 1.5 kg of each soil was weighed into pots. Each pot 
measured 16 cm in height, 15.5 cm in top diameter and 13.5 cm bottom 
diameter. A total of 96 pots were used. For soil amendment, five mate
rials (SS, BC, SSBC₁, SSBC₂, SSBC₃) were applied at rates of 0.5 % (7.5 g 
pot− 1), 1 % (15 g pot− 1), and 2 % (30 g pot− 1) of soil weight. Each 
contaminated soil type received 16 treatments, including a control (no 
amendment) and soil treated with the five materials at the three afore
mentioned rates. All treatments were triplicated and randomly ar
ranged. Before transplanting, treated soils were saturated with 
deionized water and equilibrated for 2 weeks. Fertilizers were applied at 
N 0.2 g⋅kg⁻¹ , P 0.1 g⋅kg⁻¹ , and K 0.2 g⋅kg⁻¹ . After two weeks, 25 
germinated ryegrass seedlings were transplanted per pot. Each pot 
received 100 mL deionized water every two days to maintain consistent 
moisture. Ryegrass growth lasted for a total of 60 days from June 4th to 
August 5th in a controlled-climate chamber.

2.3.3. As content in ryegrass
Harvested plants were washed with deionized water and separated 

into roots and shoots. Samples were oven-dried at 80 ◦C and stored at 25 
◦C until analysis. Dried tissues (0.2 g) were digested in HNO₃ using a 
graphite digestion system (LabTech Inc., Hopkinton, MA, USA) at 135 ◦C 
for 2 h (Chen et al., 2023; Liu et al., 2015). After cooling, the digests 
were filtered through Whatman No. 42 paper. Arsenic concentrations 
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were determined by atomic fluorescence spectrometry (AFS-9760, Bei
jing Haiguang Instrument Co., Beijing, China). Mixed standards were 
run with every 10 samples. Recovery ranged from 94.6 %–101.0 %, with 
relative standard deviations < 3.1 %.

2.3.4. Soil properties and available As
Soil samples collected from the pots were air-dried, ground, and 

passed through a 2 mm sieve for subsequent analyses.
Soil pH was measured as follows: A 10 g subsample of soil was mixed 

with 25 mL of ultrapure water, stirred thoroughly, and allowed to stand 
for 30 min. The pH of the supernatant was determined using a calibrated 
pH meter (Yamada et al., 2010). Active organic matter was determined 
using the KMnO₄ oxidation method (LEFROY et al., 1993; Loginow et al., 
1987): Soil was mixed with 25 mL of 333 mmol⋅L⁻¹ KMnO₄ solution in a 
centrifuge tube, shaken at 150 rpm for 1 h, and centrifuged at 2000 rpm 
for 5 min. The supernatant was diluted 1:250 with ultrapure water, and 
absorbance was measured at 565 nm. Active carbon content was 
calculated assuming that 1 mmol⋅L⁻¹ KMnO₄ oxidizes 9 mg of carbon. 
Available As was determined following Yuan et al. (2007): A 0.2 g 
portion of soil was extracted three times with a mixed solution of 
1 mol⋅L⁻¹ H₃PO₄ and 0.1 mol⋅L⁻¹ ascorbic acid at 98 ◦C for 3 h. The ex
tracts were combined, adjusted to a final volume of 50 mL, and the 
arsenic concentration was quantified by atomic fluorescence spectrom
etry (AFS-9760).

2.3.5. Soil enzyme activity
Enzyme activities, including soil catalase (S-CAT), peroxidase (S- 

POD), alkaline phosphatase (S-AKP), and urease (S-UE), were measured 
as follow:

S-CAT was measured based on the decrease in absorbance at 240 nm 
after the reaction of H₂O₂ with catalase (Jin et al., 2009). S-POD was 
determined by quantifying quinone formation at 430 nm resulting from 
the oxidation of organic matter (Hunting et al., 1959). S-AKP was 
measured by treating soil with disodium phenyl phosphate and quan
tifying phenol formation at 660 nm (Boyd and Mortland, 2017). S-UE 
was determined by incubating 0.05 g soil with uric acid at 37 ◦C for 24 h, 
with released NH₃ quantified at 578 nm (Kandeler and Gerber, 1988).

2.4. Adsorption experiment

2.4.1. Adsorption kinetics
Kinetic studies were performed by adding 0.25 g of sample to 250 mL 

of 50 mg⋅L⁻¹ As(III) solution, shaken at 25 ◦C and 180 rpm. Aliquots 
(1 mL) were collected at 0–1440 min intervals, filtered through 0.22 μm 
membranes, diluted, and analyzed for As concentration using AFS-9760.

2.4.2. Adsorption isotherms
Composite (0.02 g) was added to 40 mL glass bottles containing 

20 mL As(III) solutions (2.5–50 mg⋅L⁻¹). Bottles were shaken at 25 ◦C 
and 180 rpm for 24 h in triplicate. After filtration (0.22 μm), As con
centrations were determined by an AFS-9760.

2.4.3. Effect of pH on the adsorption
Composite (0.02 g) was added to 20 mL As(III) solutions at pH 3–7, 

adjusted with 0.1 mol⋅L⁻¹ NaOH/HNO₃. Adsorption was evaluated as 
described for isotherms.

2.4.4. Soil adsorption
Soil (2 g) was amended with 0, 0.5 %, 1 %, and 2 % SS, BC, or SSBC₁ 

and equilibrated with 20 mL As(III) solutions of varying concentrations. 
Adsorption experiments were repeated as described above.

2.5. Characterization methods

An elemental analyzer (EA; Elementar VARIOEL cube, Germany) was 
used to determine the carbon, hydrogen, nitrogen and sulphur contents 

of the adsorbent. The surface area and pore structure of the samples 
were analyzed using a NOVA 1200e surface area and pore analyzer 
(BELSORP-max, Japan), and the specific surface area was calculated 
based on the Brunauer–Emmett–Teller (BET) isotherm obtained from 
nitrogen adsorption–desorption measurements. Scanning electron mi
croscopy (SEM; ZEISS GeminiSEM 500, Germany) was employed to 
examine the surface morphology of the materials. Elemental composi
tion was analyzed by X-ray photoelectron spectroscopy (XPS; Thermo 
Scientific ESCALAB 250, USA). Functional groups were identified by 
Fourier transform infrared spectroscopy (FTIR; Nicolet iS5, Thermo 
Fisher Scientific, USA) over 400–4000 cm⁻¹ .

2.6. Data analysis

All treatments were performed with triplicates. Data were pre
processed using Microsoft Excel 2021 (Microsoft Co., Washington, USA), 
and were presented as mean ± standard deviation. Statistical analyses 
were performed using the SPSS 17.0 software (SPSS Inc., Chicago, USA). 
Prior to analysis, the assumptions of normality (Shapiro–Wilk test) and 
homogeneity of variances (Levene’s test) were assessed, and the data 
were confirmed to meet both requirements. Analysis of variance 
(ANOVA) was applied to test the significance of the treatment effects, 
followed by one-way ANOVA and Duncan’s multiple range tests at the 
0.05 significance level (p < 0.05). Statistically significant differences 
between treatment means are indicated with different lowercase letters 
in the figures and tables. Curve fitting and graph plotting were per
formed using Origin 2021 (OriginLab Co., Northampton, USA).

3. Results

3.1. Effects of composite materials on ryegrass growth

Ryegrass growth responded significantly to the amendment treat
ments, with higher application rates generally leading to increased 
biomass production (p < 0.05; Table 1). In general, higher amendment 
rates produced greater changes in biomass. In the low-As soil, total 
biomass increased significantly relative to the control under the 
following treatments: 2 % SS, 1 % SSBC₁, 2 % SSBC₁, 1 % SSBC₂, 2 % 
SSBC₂ and 2 % SSBC₃ treatments. In the high-As soil, significant biomass 
increases were observed with 1 % SSBC₁, 2 % SSBC₁ and 2 % SSBC₂. 
Notably, SSBC₁ consistently enhanced both root and shoot biomass in 
both soil types, increasing total biomass by 7.80 g in low-As soil and 
5.71 g in high-As soil compared with the control. This demonstrates its 
strong ability to mitigate As toxicity and promote ryegrass growth.

3.2. As content of ryegrass

As concentrations in ryegrass were significantly affected by the soil 
amendments (p < 0.05) (Table 2). As expected, roots accumulated more 
As than shoots, consistent with root-to-shoot transport. Relative to the 
control, all amendments reduced As in both roots and shoots, and the 
removal rate generally increased with application rate. In the low-As 
soil, adding 2 % SS, BC, SSBC₁, SSBC₂, and SSBC₃ reduced root As by 
51.80 %, 51.63 %, 78.89 %, 60.10 %, and 57.30 %, respectively; cor
responding shoot reductions were 70.07 %, 62.05 %, 73.20 %, 73.05 %, 
and 61.69 %. Similar trends were observed in the high-As soil, where 
SSBC₁ again showed the highest reduction in both tissues, underscoring 
its efficacy in limiting As uptake and translocation.

3.3. Effects of composite materials on soil pH

To assess amendment effects on soil acidity/alkalinity, soil pH was 
measured after harvest in both contamination levels. As shown in Fig. 1
(a), all treatments significantly increased pH relative to the control, with 
greater increases at higher application rates (p < 0.05). In the low-As 
soil, 2 % SS, 2 % SSBC₁ and 2 % SSBC₃ treatments increased pH by 
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15.47 %, 6.33 % and 9.89 %, respectively. In the high-As soil, the most 
pronounced increases were observed with 2 % SS and 2 % SSBC₁ 
(15.46 % and 13.15 %), suggesting a consistent alkalizing effect of the 
composites.

3.4. Effects of composite materials on active organic matter

Active (KMnO₄-oxidizable) organic matter content increased across 
all treatments, following the order: SSBC₁ > SSBC₂ > SSBC₃ > BC > SS 
(Fig. 1b). In the low-As soil, 2 % SSBC₁, 2 % SSBC₂, and 2 % SSBC₃ 
increased active organic matter by 22.37 %, 18.22 %, and 17.04 %, 
respectively, compared with the control. The corresponding increases in 
the high-As soil were even greater (32.03 %, 30.61 %, 29.27 %). 
Although active organic matter tended to rise with increasing applica
tion rate, these trends were not statistically significant (p > 0.05).

3.5. Effects of composite materials on the available As

As shown in Fig. 1(c), the application of SSBCs significantly affected 
the concentration of available As in soil (p < 0.05). In particular, SSBC₁ 
reduced available As by 37.87 %–55.51 % in the low-As soil and by 
18.91 %–28.38 % in the high-As soil. However, compared with 

treatments using SS or BC alone, the application of SSBCs did not result 
in a statistically significant difference in available As concentrations 
(p > 0.05).

3.6. Effects of composite materials on soil enzyme activity

Soil enzyme activities showed variable responses to the amend
ments, reflecting differences in both soil As levels and the compositions 
of the applied materials. As shown in Fig. 2(a), S-CAT activity increased 
following the application of both raw and composite materials, with a 
clear upward trend as application rates increased. Compared with the 
control, S-CAT activity increased by 16.68 % in the low-As soil and by 
112.86 % in the high-As soil after the addition of 2 % SSBC₁. These re
sults suggest that SSBCs enhance microbial abundance and activity, 
while also contributing to increases in soil organic matter content. 
Notably, SSBCs showed a stronger capacity to promote S-CAT activity in 
high-As soil.

In contrast, S-POD activity displayed an opposite trend relative to the 
other enzymes (Fig. 2b). POD activity in untreated high-As soil was 1.9 
times higher than in low-As soil. The application of amendments had 
contrasting effects: S-POD activity was stimulated in low-As soil but 
suppressed in high-As soil. For example, SSBC₁ increased S-POD activity 

Table 1 
Biomass of ryegrass under different treatments (g pot− 1).

Treatments Low As-contaminated soil High As-contaminated soil

Root Shoot Total biomass Root Shoot Total biomass

CK 0.58 ± 0.052e 1.47 ± 0.122d 2.05 ± 0.070e 0.54 ± 0.058e 1.30 ± 0.114 f 1.84 ± 0.160e
0.5 % SS 0.65 ± 0.020e 2.02 ± 0.081d 2.67 ± 0.099e 1.06 ± 0.081bcde 2.00 ± 0.099ef 3.06 ± 0.179de
1.0 % SS 1.67 ± 0.034abc 2.55 ± 0.207 cd 4.21 ± 0.380cde 1.42 ± 0.200cde 2.44 ± 0.023ef 3.86 ± 0.250de
2.0 % SS 2.04 ± 0.098de 3.84 ± 0.95ab 5.88 ± 0.852ab 2.11 ± 0.092a 3.64 ± 0.543bc 5.75 ± 0.852b
0.5 % BC 0.70 ± 0.002e 2.06 ± 0.047d 2.76 ± 0.045e 1.04 ± 0.046e 2.03 ± 0.014 f 3.28 ± 0.060e
1.0 % BC 0.76 ± 0.012e 2.61 ± 0.047d 3.37 ± 0.06de 1.54 ± 0.165bcd 2.55 ± 0.129def 3.97 ± 0.32cde
2.0 % BC 1.17 ± 0.084 cd 3.67 ± 0.623abc 4.84 ± 0.818bcd 1.79 ± 0.047bc 3.54 ± 0.166cde 5.33 ± 0.015bcd
0.5 % SSBC₁ 0.90 ± 0.041de 2.78 ± 0.352 cd 3.68 ± 0.384cde 1.16 ± 0.006de 2.71 ± 0.071ef 3.87 ± 0.065cde
1.0 % SSBC₁ 1.40 ± 0.087ab 4.32 ± 0.542abc 5.72 ± 1.124ab 2.10 ± 0.381a 4.16 ± 0.344a 6.27 ± 0.725ab
2.0 % SSBC₁ 2.68 ± 0.232a 7.17 ± 0.503a 9.85 ± 0.735a 2.61 ± 0.006a 4.95 ± 0.054a 7.55 ± 0.060a
0.5 % SSBC₂ 0.97 ± 0.168de 2.23 ± 0.488bcd 3.20 ± 0.622cde 0.86 ± 0.023e 1.88 ± 0.007 f 2.74 ± 0.030e
1.0 % SSBC₂ 1.37 ± 0.161ab 3.91 ± 0.106a 6.38 ± 0.230ab 1.31 ± 0.087de 2.84 ± 0.237 f 4.15 ± 0.375 cd
2.0 % SSBC₂ 2.47 ± 0.126ab 5.72 ± 0.628a 7.09 ± 0.731ab 1.89 ± 0.184b 4.03 ± 0.681ab 5.92 ± 0.865be
0.5 % SSBC₃ 1.19 ± 0.087de 3.21 ± 0.416 cd 4.65 ± 0.496cde 0.66 ± 0.080e 2.14 ± 0.049 f 2.80 ± 0.221e
1.0 % SSBC₃ 1.44 ± 0.111e 4.33 ± 0.232 cd 5.52 ± 0.342cde 1.06 ± 0.065e 3.50 ± 0.066ef 4.56 ± 0.18 cd
2.0 % SSBC₃ 1.89 ± 0.244ab 5.42 ± 0.530abc 7.31 ± 0.785abc 1.95 ± 0.014de 4.43 ± 0.175cdef 6.38 ± 0.282ab

Note: SS is steel slag; BC is corn straw biochar; SS and BC were mixed at mass ratios of 1:1, 2.5:1, and 10:1, labeled SSBC₁, SSBC₂, and SSBC₃; different letters indicate 
significant differences at p < 0.05; the same letter indicates no significant difference.

Table 2 
As concentrations in ryegrass tissues under different treatments (mg kg⁻¹) and reduction rates (%).

Treatments Low As-contaminated soil High As-contaminated soil

Root Reduction rate Shoot Reduction rate Root Reduction rate Shoot Reduction rat

CK 89.34 ± 0.12ab — 13.73 ± 0.38a — 163.77 ± 10.22a – 7.04 ± 0.33a —
0.5 % SS 87.75 ± 10.21ab 1.78 12.96 ± 2.22a 5.61 110.92 ± 18.80ab 32.27 6.20 ± 3.55ab 11.93
1.0 % SS 85.83 ± 4.26ab 3.93 4.86 ± 0.32 cd 64.60 98.92 ± 25.41abc 39.60 5.54 ± 1.98ab 21.31
2.0 % SS 43.06 ± 3.58 cd 51.80 4.11 ± 0.21d 70.07 70.74 ± 13.53bc 56.81 4.64 ± 1.71ab 34.09
0.5 % BC 76.64 ± 28.22abc 14.22 6.89 ± 1.72bcd 49.82 112.93 ± 45.01ab 31.04 5.81 ± 0.10ab 17.47
1.0 % BC 74.13 ± 9.12abc 17.02 5.99 ± 1.62 cd 57.37 59.00 ± 33.71bc 63.97 5.02 ± 2.37ab 28.69
2.0 % BC 43.21 ± 2.43 cd 51.63 5.21 ± 0.82 cd 62.05 56.80 ± 12.38bc 65.32 4.52 ± 1.56b 35.80
0.5 % SSBC₁ 59.40 ± 9.66 cd 33.51 4.30 ± 0.45 cd 68.68 91.78 ± 55.52bc 43.96 5.28 ± 1.63ab 25.00
1.0 % SSBC₁ 44.06 ± 12.16 cd 50.68 4.07 ± 0.26d 70.36 61.94 ± 18.18bc 62.18 5.19 ± 0.40ab 26.28
2.0 % SSBC₁ 18.86 ± 5.57d 78.89 3.68 ± 0.94d 73.20 30.20 ± 3.70c 81.56 4.13 ± 1.44b 41.34
0.5 % SSBC₂ 44.90 ± 5.67 cd 49.74 4.81 ± 0.54d 64.97 79.59 ± 5.24bc 51.40 6.64 ± 0.93ab 5.68
1.0 % SSBC₂ 39.44 ± 3.01 cd 55.85 4.09 ± 0.70d 70.36 54.78 ± 8.08bc 66.55 5.54 ± 2.48ab 21.31
2.0 % SSBC₂ 35.65 ± 6.90 cd 60.10 3.70 ± 0.78d 73.05 52.97 ± 21.45bc 67.66 5.49 ± 2.84ab 22.02
0.5 % SSBC₃ 60.14 ± 37.83bcd 32.68 9.28 ± 1.18d 32.41 107.33 ± 1.36ab 34.46 6.80 ± 0.35ab 3.41
1.0 % SSBC₃ 51.56 ± 19.87bcd 42.29 8.33 ± 0.17bc 39.33 99.99 ± 0.76abc 38.94 5.99 ± 0.39ab 14.91
2.0 % SSBC₃ 38.15 ± 2.72 cd 57.30 5.26 ± 1.16 cd 61.69 55.45 ± 6.13bc 66.14 5.12 ± 0.38ab 27.27

Note: SS is steel slag; BC is corn straw biochar; SS and BC were mixed at mass ratios of 1:1, 2.5:1, and 10:1, labeled SSBC₁, SSBC₂, and SSBC₃; different letters indicate 
significant differences at p < 0.05; the same letter indicates no significant difference.

X. Yang et al.                                                                                                                                                                                                                                    Industrial Crops & Products 239 (2026) 122464 

4 



Fig. 1. Soil properties and available As under different treatment: (a) Soil pH; (b) Soil active organic matter content; (c) Soil available As content. (SS = steel slag; 
BC= corn straw biochar; SS and BC were mixed at mass ratios of 1:1, 2.5:1, and 10:1, labeled SSBC₁, SSBC₂, and SSBC₃; Different colors represent different materials; 
different letters indicate significant differences at p < 0.05; the same letter indicates no significant difference).
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in low-As soil by 11.12 %–78.73 %, whereas it decreased activity in 
high-As soil by 17.30–37.15 %.

As shown in Fig. 2(c), untreated low-As soil exhibited 2.93 times 
higher S-AKP activity than untreated high-As soil. In low-As soil, both 
raw and composite amendments significantly inhibited S-AKP activity 
(p < 0.05). Compared with the control, SSBC₁ reduced S-AKP activity in 
low-As soil by 26.04 %–55.45 %. In high-As soil, SS and BC generally 
suppressed S-AKP activity, whereas low application rates of the 

composites promoted it. Specifically, 0.5 % SSBC₁, 1 % SSBC₁, 0.5 % 
SSBC₂, and 0.5 % SSBC₃ increased S-AKP activity by 18.46 %, 42.99 %, 
11.04 %, and 2.91 %, respectively, compared with the control.

Finally, changes in S-UE activity (Fig. 2d) were broadly consistent 
with those observed for S-AKP. Untreated low-As soil showed 3.26 times 
higher S-UE activity than untreated high-As soil. Relative to the control, 
all amendments significantly enhanced S-UE activity in high-As soil 
(p < 0.05). In low-As soil, BC treatment increased S-UE activity, whereas 

Fig. 2. Effects of SSBCs supplementation on soil enzyme activity in ryegrass soil:(a) S-CAT (soil catalase); (b) S-POD (soil peroxidase); (c) S-AKP (soil alkaline 
phosphatase); (d) S-UE (soil urease). (SS = steel slag; BC = corn straw biochar; SS and BC were mixed at mass ratios of 1:1, 2.5:1, and 10:1, labeled SSBC₁, SSBC₂, and 
SSBC₃. Different colors represent different materials. different letters indicate significant differences at p < 0.05; the same letter indicates no significant difference).
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SS, SSBC₁, SSBC₂, and SSBC₃ treatments reduced it.

3.7. Adsorption kinetics

The kinetics of As(III) adsorption by the different materials are 
shown in Fig. 3(a). The results show that SSBCs composites reached 
equilibrium faster and exhibited higher adsorption capacities than 
either SS or BC alone. A fast adsorption rate and high adsorption ca
pacity are critical for practical applications, as they can substantially 
reduce both the size and retention time required in an adsorption bed.

To further analyze the adsorption kinetics, pseudo-first-order and 

pseudo-second-order kinetic models were applied to fit the data, and the 
adsorption mechanism was partially evaluated. The pseudo-first-order 
model assumes that adsorption is controlled by diffusion, while the 
pseudo-second-order model describes chemisorption via electron 
sharing or transfer between the adsorbent and adsorbate. As illustrated 
in Fig. 3(a), the adsorption of As(III) by the five adsorbents was well 
described by both models. The SSBC₁ composite reached equilibrium 
within 120 min and, notably, exhibited a much faster initial adsorption 
rate than biochar. These results highlight that the As(III) adsorption 
performance of SSBCs significantly surpasses that of BC, underscoring its 
potential as a more effective material for pollution remediation.

Fig. 2. (continued).
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3.8. Adsorption isotherms

Fig. 3(b) shows the isothermal adsorption of As(III) onto the absor
bents. The data were well fitted by both Langmuir and Freundlich 
models (R² > 0.94; Table 3). The Langmuir model assumes adsorption 
occurs on a homogeneous surface with identical sites, forming a single 
molecular layer without interaction between adsorbed molecules 
(Pawar et al., 2018). In contrast, the Freundlich model describes 
adsorption on heterogeneous surfaces and predicts that the adsorption 
capacity increases with adsorbent concentration (Wang et al., 2015).

According to the Langmuir model, the maximum adsorption capacity 
of BC for As(III) was calculated as 3.46 mg g⁻¹ . In comparison, the 
maximum adsorption capacity of SSBC₁ was 6.25 times higher than that 
of BC, while SSBC₂ and SSBC₃ showed 3.15- and 2.87-fold increases, 
respectively. Based on the Freundlich fitting parameters, the Freundlich 
constants for SSBCs ranged between 1 and 10, indicating favorable in
teractions between the adsorbent and heavy metal ions. These findings 
demonstrate that SSBCs is a much more effective adsorbent for heavy 
metals than biochar alone, likely because the composite provides more 
available adsorption sites for As(III).

3.9. Influence of pH on the adsorption

pH is a critical factor influencing both the surface charge of adsor
bents and the speciation of As. The effect of pH on As adsorption by 
SSBC₁ is shown in Fig. 3(c). Within the pH range of 3–7, the highest 
adsorption of As(III) was observed at pH 3. With increasing pH, the 
adsorption capacity of SSBC₁ for As(III) decreased, a trend consistent 
with that reported for other adsorbents (Dong et al., 2019; Guo et al., 
2015), likely due to enhanced electrostatic interactions or surface 
protonation.

3.10. Soil adsorption

To investigate the effect of adding SSBC₁ on the adsorption of As(III) 
in paddy soil, isothermal adsorption experiments were conducted using 
SS, BC, and SSBC₁. The results showed that the maximum adsorption 
capacity of the untreated soil (control) was 0.25 mg g⁻¹ , while the 
addition of SSBC₁ markedly enhanced As(III) adsorption in paddy soil, 
with capacity increasing in response to both application rate and initial 
As concentration (Fig. 4(a)–c). At a 2 % application rate, SSBC₁ 
increased the maximum adsorption capacity by 31.36 %, compared with 
increases of 10.97 % for SS and 18.86 % for BC.

Using SS, BC, and SSBC₁ at a 2 % addition rate as examples, 
adsorption data were fitted with Langmuir and Freundlich models 
(Fig. 4d). Evaluation of the fitting degree using the correlation coeffi
cient (R²) (Table 4) indicated that both models provided good fits 
(>97 %), with the Langmuir model performing slightly better. This 
suggests that the surface of paddy soil provides relatively uniform 
adsorption sites for As(III) at low concentrations, and that adsorption 
mainly follows a monolayer pattern. As the initial concentration of As 
(III) increased, the adsorbent surface approached saturation, after which 
adsorption proceeded into internal sites through chemisorption. Ac
cording to Table 4, the maximum adsorption capacities of As(III) in 
paddy soil were 0.37 mg g⁻¹ , 0.42 mg g⁻¹ , 0.54 mg g⁻¹ , and 
0.61 mg g⁻¹ for treatments without amendments and with the addition 
of SS, BC, and SSBC₁, respectively. These results confirm that SSBC₁ 
effectively improves the soil’s As immobilization capacity.

4. Discussions

4.1. The regulatory mechanism of SBC on the effectiveness of As in the 
soil

The bioavailability of As was assessed through plant uptake in this 
study (Lee et al., 2025). Ryegrass was selected as the model crop to 

Fig. 3. Sorption kinetics (a) and isotherm (b) data and fitted models of As (III) 
on different adsorbents, and the influence of pH (c) on the adsorption by SSBC₁. 
(SS = steel slag; BC = corn straw biochar; SS and BC were mixed at mass ratios 
of 1:1, 2.5:1, and 10:1, labeled SSBC₁, SSBC₂, and SSBC₃; Qt = the adsorption 
capacity at time t; Qe = equilibrium adsorption capacity; Ce = equilibrium 
concentration. Experimental conditions: adsorbent dose = 1 g L⁻¹, solution 
volume = 50 mL, pH = 7, T = 25 ◦C; initial As(III) concentration C₀ 
= 50 mg L⁻¹ for sorption kinetics).
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evaluate the effect of SSBCs on As accumulation in contaminated soil. 
The results showed that SSBCs application significantly reduced As 
concentrations in different tissues of ryegrass, while simultaneously 
enhancing crop yield and promoting overall plant growth. Previous 
studies have demonstrated that biochar can act as both a nutrient and 

carbon source, thereby improving growth and physiological functions of 
plants cultivated in As-contaminated soils (Li, Zhang, et al., 2021). The 
reduction in As accumulation observed in ryegrass following SSBCs 
application can largely be attributed to improvements in soil physico
chemical properties and increased Fe and Ca oxide contents, which play 

Table 3 
Parameters of kinetic and isotherm models for As(III) sorption onto different adsorbent materials.

Sample Pseudo-first-order model (PFO) Pseudo-second-order model (PSO) Langmuir Freundlich

Qe 

(mg⋅g− 1)
K1 R1

2 Qe 

(mg⋅g− 1)
K2 R2

2 Qm 

(mg⋅g− 1)
KL RL

2 Kf 1/n RF
2

SS 2.83 
± 0.12d

0.016 
± 0.00c

0.924 3.00 
± 0.12d

0.008 
± 0.002b

0.943 3.73 
± 0.26c

0.040 
± 0.01b

0.989 0.30 
± 0.012c

0.553 
± 0.01a

0.999

BC 2.40 
± 0.07d

0.025 
± 0.00bc

0.963 2.55 
± 0.06d

0.015 
± 0.002a

0.978 3.46 
± 0.33c

0.034 
± 0.01b

0.985 0.24 
± 0.013c

0.580 
± 0.02a

0.998

SSBC₁ 8.38 
± 0.44a

0.049 
± 0.01a

0.823 8.96 
± 0.41a

0.008 
± 0.002b

0.889 21.63 
± 3.41a

0.077 
± 0.03a

0.944 3.03 
± 0.480a

0.474 
± 0.05b

0.978

SSBC₂ 5.74 
± 0.26b

0.050 
± 0.011a

0.878 6.03 
± 0.37b

0.012 
± 0.005ab

0.823 10.93 
± 0.37b

0.077 
± 0.01a

0.994 1.58 
± 0.151b

0.457 
± 0.03b

0.992

SSBC₃ 4.54 
± 0.14c

0.040 
± 0.01ab

0.949 4.76 
± 0.25c

0.012 
± 0.004ab

0.889 9.92 
± 0.43b

0.071 
± 0.01a

0.991 1.36 
± 0.265b

0.463 
± 0.06b

0.971

Note: CK is control (no amendment); SS is steel slag; BC is corn straw biochar; SS and BC were mixed at mass ratios of 1:1, 2.5:1, and 10:1, labeled SSBC₁, SSBC₂, and 
SSBC₃, different letters indicate significant differences at p < 0.05; the same letter indicates no significant difference.

Fig. 4. Effects of different material additions on the adsorption of As(III) in paddy soil: (a) SS (steel slag); (b) BC (corn straw biochar); (c) SSBC₁ (SS and BC were 
mixed at mass ratios of 1:1); (d) adsorption isotherm fitting curves for paddy soil with 2 % different adsorption materials (Qe = equilibrium adsorption capacity; Ce =

equilibrium concentration. Experimental conditions: adsorbent dose = 1 g L⁻¹, solution volume = 50 mL, pH = 7, T = 25 ◦C).
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key roles in As transformation and plant growth. Critically, the superior 
performance of SSBCs compared with their raw precursors arises from 
the synergistic integration of the porous BC matrix with SS-derived 
reactive phases. XPS and FTIR analyses (Supporting Information, 
Figs. S2–S3) confirmed the presence of Fe- and Ca-bearing phases and 
their successful incorporation into the SSBC matrix. These Fe/Ca oxides 
are essential because they provide specific adsorption sites that are 
largely absent in BC alone, while the BC component helps mitigate the 
excessive pH increase and poor porosity typically associated with SS. 
This synergy is reflected in the optimal pH and highest surface area 
observed for SSBC₁ (Table S1). These findings are consistent with earlier 
reports showing that Fe- and Ca-based oxides effectively reduce As up
take by ryegrass (Arco-Lázaro et al., 2018; Cao et al., 2024; Gutierrez 
et al., 2010). Similarly, Qiao et al. (2018) found that ZVI-BC significantly 
decreased soil As bioavailability while increasing the immobilized 
fraction of As. Additionally, various soil factors, including pH, active 
organic matter content, and available As levels, may also influence As 
absorption by ryegrass (Liu et al., 2020; Wang et al., 2024; Zhang et al., 
2023).

Soil pH is a critical factor influencing the bioavailability of heavy 
metals. In this study, both types of As-contaminated soils were weakly 
acidic, with higher contamination levels corresponding to greater 
acidity. Because SSBCs were alkaline materials, their application led to a 
significant increase in soil pH. The magnitude of this increase followed 
the order SS > SSBCs > BC, indicating that the composite effectively 
moderated the strong alkalinity of raw SS. This buffering effect was 
advantageous for both plant growth and microbial functioning, as re
flected in the biomass and enzyme activity results. The pH moderation 
arose from the composite’s structural design, in which the BC matrix 
incorporated and regulated the alkaline components derived from SS. 
The elevated soil pH also altered arsenic speciation and increased the 
negative charge on soil particle surfaces, thereby enhancing electrostatic 
repulsion and influencing As desorption behavior. (Fan et al., 2020). 
Previous research has shown that a soil pH range of 7–8 is favorable for 
As immobilization (Wang et al., 2014). The alkaline oxides in SSBCs, 
such as Ca–O, Fe–O, Mg–O, and Si–O, identified via material charac
terization, can react with soil moisture to release hydroxide ions (OH⁻), 
directly increasing soil pH (Zaw et al., 2022). Guofei Liu et al. (2020)
reported that the application of biochar (resulting in a soil pH of 5.9) and 
calcium carbide slag (resulting in a soil pH of 6.53) at the split-leaf stage 
increased soil pH by 0.51 and 1.14 units, respectively. Because calcium 
carbide slag mainly consists of calcium and magnesium oxides, it exerts 
the strongest effect on elevating soil pH. The rise in pH may also enhance 
metal adsorption capacity and promote the formation of insoluble pre
cipitates (Kolodynska et al., 2012). Hydroxyl groups (–OH) on the sur
face of SSBCs can react with hydrogen ions (H⁺), while released Ca²⁺ and 
Mg²⁺ ions can further neutralize acidity through ion-exchange processes. 

Similarly, Ibrahim et al. (2017) demonstrated in pot experiments using 
sludge-derived biochar and peanut shell biochar that biochar applica
tion effectively increased soil pH, aligning with our findings. It should be 
noted that arsenate anion adsorption can increase under acidic condi
tions due to the behavior of variable-charge soil minerals (Caporale and 
Violante, 2016). However, Liu et al. (2020) also found that although the 
application of three different amendments raised soil pH and increased 
soil negative charge, the bioavailability of As in the soil did not increase. 
This highlights the complexity of pH-driven effects on As dynamics in 
soil. Active organic matter constitutes a crucial component of soil, rep
resenting the fraction of organic matter with higher biological activity. It 
serves as a direct nutrient source for plants and influences nutrient up
take and utilization (Adhikari and Hartemink, 2016). In this study, the 
application of SSBCs enhanced soil organic matter activity. This 
improvement can be attributed to the material’s high organic carbon 
content, which increases soil organic matter levels (Van Zwieten et al., 
2010), as well as its ability to form complexes with As, thereby pro
moting As adsorption and fixation in the soil and reducing its mobility 
and transformation potential (Aftabtalab et al., 2022; Uchimiya et al., 
2013). The well-developed porous structure of SSBCs, reflected in their 
high adsorption capacity, likely further enhanced their ability to retain 
organic matter and associated As complexes within the soil matrix.

The available As content in soil refers to the fraction of As that can be 
absorbed and utilized by plants during ecological migration processes. 
In general, As oxyanions in soil can be immobilized through physical 
mechanisms (e.g., pore filling and electrostatic adsorption) and chemi
cal mechanisms (e.g., complexation and co-precipitation) involving 
metal (hydrated) oxides (Wan et al., 2020). This study showed that 
SSBCs application significantly reduced available As in soil and miti
gated As uptake by ryegrass. The SSBCs achieved this not only through 
general mechanisms such as pore filling, supported by their high BET 
surface area (Table S1) and electrostatic adsorption, but more impor
tantly through enhanced chemical immobilization derived from their 
composite nature. The presence of Fe–O and Ca–O functional groups, 
confirmed by FTIR (Fig. S2), enabled specific complexation and pre
cipitation reactions (e.g., formation of Fe–As and Ca–As precipitates). 
These mechanisms were far less pronounced in BC and were less effi
ciently utilized in SS due to its comparatively lower surface area. This 
effect is primarily attributed to the ability of As to form hydrogen bonds 
with surface functional groups of SSBCs, such as –OH, C––O, C–O, Fe–O, 
and Ca–O, thereby enhancing its retention in the soil matrix and 
reducing bioavailability(Wei et al., 2024; Zaw et al., 2022). Previous 
studies have indicated that amendments combining steel slag (SS) with 
ferrous sulfate (FeSO₄) can effectively reduce As availability in miner
alized soils. This is mainly due to the adsorption of As by inorganic Fe³ ⁺ 
oxides and free Ca²⁺ ions generated during reactions, leading to the 
formation of Fe–As and Ca–As precipitates that enhance As immobili
zation (Zhang et al., 2023). Seyfferth et al. (2019) similarly reported that 
As can be immobilized via binding to iron oxides and co-precipitation. In 
addition, As may form complexes with oxygen-containing functional 
groups or protonated carbon species (e.g., –COOH and C––O) on the 
biochar surface through complexation reactions, a mechanism consis
tent with findings from of this study (K. Liu et al., 2020; Yang et al., 
2024). Beyond chemical adsorption mechanisms, Wei et al. (2025)
revealed that the As fixation capacity of an electrolytic manganese 
slag-biochar composite material (EB) is largely due to its high specific 
surface area (SSA), which facilitates the interaction through pore-filling 
effects, as evidenced by EDS analysis. Their results indicated that As was 
adsorbed onto the surface of EB, thereby reducing its uptake by lettuce. 
Physicochemical characterizations of the SSBCs, including SEM imaging 
and BET pore structure analysis, are provided in the Supporting Infor
mation (Fig. S1 and Table S1). These analyses showed that SSBC₁ 
possessed a well-developed porous structure, consistent with its 
enhanced adsorption capacity. This structural feature may facilitate the 
physical entrapment of As within soil pores, complementing the chem
ical immobilization mechanisms described above. Overall, these 

Table 4 
Isothermal adsorption fitting parameters for As(III) adsorption of in paddy soil 
with different additives.

Sample Langmuir Freundlich

Qm 
(mg⋅g− 1)

KL RL
2 Kf 1/n RF

2

CK 0.37 
± 0.067c

0.144 
± 0.055a

0.978 0.06 
± 0.010b

0.546 
± 0.071a

0.973

SS 0.42 
± 0.029bc

0.180 
± 0.036a

0.991 0.07 
± 0.010b

0.552 
± 0.063a

0.978

BC 0.54 
± 0.010b

0.135 
± 0.040a

0.987 0.07 
± 0.009b

0.637 
± 0.068a

0.981

SSBC₁ 0.61 
± 0.026a

0.204 
± 0.051a

0.990 0.11 
± 0.011a

0.648 
± 0.070a

0.979

Note: CK is control (no amendment); SS is steel slag; BC is corn straw biochar; 
SSBC₁ is SS and BC were mixed at mass ratios of 1:1, different letters indicate 
significant differences at p < 0.05; the same letter indicates no significant 
difference.
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findings demonstrate that As concentrations in ryegrass are closely 
correlated with the available As content in soil, highlighting the regu
latory role of SSBCs in reducing As bioavailability.

Soil enzymes play a vital role in nutrient cycling and are actively 
involved in key biochemical processes within the soil (Cao et al., 2017). 
Previous studies have shown that enzyme activity is highly sensitive to 
As contamination (Aponte et al., 2020). Enzymes such as peroxidase, 
urease, and phosphatase are particularly vulnerable to As exposure. Two 
primary mechanisms may explain this effect: (i) As can directly interact 
with soil enzymes by binding to sulfur-containing functional groups, 
thereby potentially inhibiting enzymatic activity; and (ii) As can indi
rectly alter the abundance and types of enzymes secreted by soil mi
croorganisms by influencing microbial community composition and 
activity, ultimately leading to changes in enzyme activity (Ciarkowska, 
2015; Jin et al., 2024). As a result, soil enzyme activity generally de
clines with increasing As pollution. Beyond As contamination, other soil 
properties—including pH and active organic matter content—also affect 
enzyme activity (Ning et al., 2025; Wang et al., 2013). SSBCs, charac
terized by its well-developed pore structure, high carbon content, and 
metal–oxygen functional groups, can modify soil physicochemical 
properties and thereby likely influence enzyme activity. Thus, the 
application of SSBCs not only reduces available As in soil but also may 
help mitigate the negative impacts of As on soil enzyme activity.

Soil catalase (S-CAT) is involved in redox reactions and is widely 
used as an indicator of aerobic microbial abundance and soil fertility 
(Zheng et al., 2017). In this study, S-CAT activity increased in treatments 
amended with SSBCs. This enhancement suggested that oxidative stress 
in the soil was alleviated, which could indirectly indicate that SSBCs 
reduced the bioavailability of As and alleviated its toxic effects on 
ryegrass.

Soil peroxidase (S-POD), another important antioxidant enzyme, 
contributes to both the synthesis and degradation of soil organic matter 
and plays an essential role in the carbon cycle (Garbuz et al., 2023). 
Results showed that SSBCs application significantly increased S-POD 
activity in the low-As soils. This response may be linked to mild As stress 
inducing a “stress adaptation” mechanism in microorganisms, 
up-regulating S-POD expression to enhance antioxidant capacity (Nabi 
et al., 2019). Conversely, in the high-As soils, SSBCs application sup
pressed S-POD activity. This inhibition could be attributed to competi
tion between minerals released from the SSBCs and either As or enzyme 
molecules for adsorption sites, or to changes in soil colloid surface 
charge that alter S-POD adsorption and catalytic efficiency (Prayogo 
et al., 2014).

Soil alkaline phosphatase (S-AKP) is essential for phosphorus cycling 
in soil (C. Y. Liu et al., 2019). Previous studies have demonstrated that 
S-AKP is particularly sensitive to heavy metal toxicity, with its activity 
often being suppressed (Li et al., 2017). In this study, higher SSBCs 
application rates were associated with decreased S-AKP activity. This 
may be due to the adsorption of alkaline phosphatase by BC, with the 
extent of adsorption potentially positively correlated with the degree of 
enzyme activity inhibition (Khadem and Raiesi, 2019). These results are 
consistent with observations reported by Zhang et al. (2017).

S-UE, a specific hydrolase in soil, catalyzes the hydrolysis of urea and 
is commonly used as a biomarker for assessing heavy metal toxicity (Tan 
et al., 2022). In this study, increasing SSBCs dosage reduced urease ac
tivity in low-As soils but enhanced it in high-As soils. In low-As envi
ronments, the limited bioavailability of As results in minimal direct 
toxicity to microorganisms and urease. One possible explanation is that 
because SSBCs were rich in carbon but contains little nitrogen, its 
addition may induce a carbon–nitrogen imbalance, reducing available 
nitrogen and thereby potentially inhibiting urease synthesis. Moreover, 
the strong adsorption capacity of SSBCs may sequester both available 
nitrogen and urea molecules, interfering with urease function (Jin et al., 
2024; Prayogo et al., 2014). In contrast, in high-As soils, SSBCs likely 
reduced As bioavailability, alleviated its toxic effects on microbial 
communities, and consequently may have promoted urease activity. 

Similar dual effects have been reported in other studies (Huang et al., 
2017; Oladele, 2019).

In conclusion, SSBCs effectively enhance the immobilization of As in 
soil, thereby reducing the risk of its transfer to ryegrass. The underlying 
mechanism likely involves the specific material properties of SSBCs (e. 
g., functional groups, metal oxides, alkalinity, porosity) enabling 
improvement of soil physicochemical properties and the regulation of 
soil enzyme activity, which together influence the bioavailability of As.

4.2. Adsorption mechanism of S-BC for As

The previous discussion centered on the regulatory mechanism of 
SSBCs in modulating As bioavailability in contaminated soil during pot 
experiments with ryegrass. In this study, adsorption experiments com
bined with material characterization were used to further elucidate the 
mechanisms underlying As removal, providing a theoretical basis for the 
remediation of As-contaminated soils. Based on adsorption kinetics and 
isothermal model results, which revealed that SSBC₁ possessed a sub
stantially higher adsorption capacity than either BC or SS (Table 3), 
changes in the functional groups and valence states of As(III) before and 
after adsorption onto the composite biochar were analyzed using FTIR 
and XPS to elucidate the underlying mechanisms for this enhancement.

The FTIR spectra of SSBC₁ before and after As(III) adsorption are 
shown in Fig. 5(a). Comparative analysis revealed only slight differences 
in the types of functional groups present, but with reduced peak in
tensities in some regions. The bands corresponding to hydroxyl (–OH), 
C–O, and Ca–O groups at 3423, 1041, and 1423 cm⁻¹ (Li et al., 2020; 
Shao et al., 2020) shifted after adsorption, indicating that these groups 
participated in As(III) binding through surface complexation and 
chemical adsorption. Moreover, the intensity of –OH bands increased, 
suggesting that additional –OH groups were introduced after As(III) 
adsorption. A significant enhancement and broadening of Fe–O peaks at 
572.43 cm⁻¹ (Liyun et al., 2022) indicated strong interactions between 
As and Fe–O groups. In contrast, the Ca–O peaks at 1423 and 
873 cm⁻¹ decreased markedly, suggesting that Ca–O groups participated 
in precipitation reactions with As(III). These changes provide direct 
evidence that the SS-derived components serve as the primary sites for 
chemical adsorption and precipitation, thereby explaining the superior 
performance of the composite compared with BC alone. These obser
vations are consistent with the findings of Ning et al. (2016), who re
ported that SS containing CaO, FeO, and SiO exhibits strong adsorption 
and precipitation capacities. In summary, electrostatic adsorption and 
surface complexation represent the dominant mechanisms for As(III) 
removal by SSBC₁, with surface functional groups playing a critical role 
in controlling its adsorption properties. Identifying these mechanisms in 
the aqueous phase provides an essential foundation for interpreting the 
performance of SSBCs within the more complex soil system of the pot 
experiment.

Using XPS to analyze the variations in functional groups before and 
after As(III) adsorption, we further explored the adsorption mechanism 
of SSBC₁ (Fig. 5). The survey spectra (Fig. 5b, S3) confirm the incorpo
ration of Fe and Ca from SS into the composite. The C1s spectrum (Fig. 5
(c)) of SSBC₁ displayed three major peaks at 289.68, 285.74, and 
284.14 eV, corresponding to C––O, C–O, and C––C, respectively. After 
As(III) adsorption, the three peaks shifted slightly to 289.22, 285.54, 
and 284.15 eV, indicating interactions between carbon functional 
groups and As. The O1s spectrum (Fig. 5(d)) was deconvoluted into four 
peaks based on binding energies: C–O (533.80 eV), Ca–O (532.80 eV), 
–OH (531.55 eV), and Fe–O (531.90 eV) (Hu et al., 2015). The propor
tion of –OH groups increased from 12.5 % before adsorption to 21.88 % 
after adsorption, highlighting the significant role of hydroxyl groups in 
As binding. Variations in the intensities of Ca–O and Fe–O peaks before 
and after adsorption suggest their involvement in the transformation of 
As(III) to As(V). Moreover, the Fe2p spectrum (Fig. 5(e)) shifted to 
higher binding energy following adsorption, consistent with the for
mation of Fe–O–As complexes. Lin et al. (2019)also reported that Fe–O 
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plays a crucial role in As adsorption. Following As(III) adsorption, the 
As3d peak spectrum (Fig. 5(f)) appeared, confirming the presence of As 
on SSBC₁. Two distinct peaks were observed at approximately 45.6 eV 
and 44.4 eV, corresponding to As(V) and As(III), respectively (Liu et al., 
2019). Quantitative analysis indicated that As(V) accounted for 69.57 % 
of the total As, while As(III) represented 30.43 %, suggesting partial 
oxidation of As(III) to As(V) during adsorption. This oxidation repre
sented a key mechanistic advantage of SSBCs over their individual 
components, contributing to more stable and effective As immobiliza
tion. The overall mechanism can be described as initial electrostatic 
adsorption of As(III), followed by partial oxidation to As(V), with the 
oxidized species subsequently retained on the adsorbent. These findings 
confirm that the synergistic action of Fe–O, Ca–O, and –OH functional 
groups drives the immobilization of As(III), with electrostatic adsorption 
and surface complexation serving as the principal mechanisms of 
adsorption on SSBC₁. This detailed mechanistic understanding, derived 
from controlled experimental studies, strongly supports the hypothesis 
that similar processes including As binding to functional groups, 
oxidation, and precipitation, contributed to the reduced As bioavail
ability and plant uptake observed in the pot experiment. The composite 
nature of SSBCs, integrating the key reactive components of SS and BC, 
produced a material with enhanced and multifunctional adsorption 

sites, which explained its superior performance compared with the in
dividual precursors in both aqueous and soil environments. Further
more, the persistence of these mechanisms under soil conditions, 
although potentially influenced by soil constituents was reflected in the 
consistent trends observed in soil As availability, plant As accumulation, 
and associated changes in soil chemistry reported in Section 4.1.

5. Conclusions

This study utilized low-cost solid waste steel slag together with 
agricultural residue corn straw to prepare SSBCs that demonstrated 
superior adsorption performance. Incorporation of SSBCs into As- 
contaminated soil promoted ryegrass biomass growth. Compared with 
the control and raw material treatment groups, SSBCs effectively 
reduced As accumulation in different tissues of ryegrass. In soils with 
low and high As contamination, the addition of 2 % SSBC₁ decreased 
available As concentrations by 55.51 % and 28.38 %, respectively. This 
not only lowered As bioavailability but also increased active organic 
matter content and enhanced soil enzyme activity. Kinetic and 
isothermal adsorption analyses demonstrated that SSBC₁ reached 
adsorption equilibrium within approximately 2 h. Langmuir isotherm 
fitting further indicated that the maximum adsorption capacity was 

Fig. 5. FTIR and XPS spectra of SSBC₁ before and after As(III) adsorption. (a) FTIR; (b) XPS Survey Spectrum; (c) C1s; (d) O1s; (e) Fe2p; (f) As3d. (SSBC₁ = SS and BC 
were mixed at mass ratios of 1:1. A represents SSBC₁ before As(III) adsorption; B represents SSBC₁ after As(III) adsorption).
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21.63 mg g⁻¹ . Additionally, low solution pH significantly enhanced the 
adsorption efficiency of SSBC₁ for As(III), thereby promoting As 
adsorption in soil. Overall, this study demonstrates a “waste-treats- 
waste” strategy by converting steel slag and corn straw into an efficient 
immobilization agent for As in soil. SSBC₁ functions as an effective 
immobilization material for reducing As bioavailability in soil, offering 
important potential for soil remediation.
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