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S1. Reasons for choosing the selected feedstock and pyrolysis temperatures 

R. Kushwaha et al. have established that peanut shells are efficient biochar for the removal of 

arsenic (As) (Li et al., 2021). K. Z. Benis et al. highlighted that unmodified biochar is generally a 

poor sorbent for As species due to static repulsion between the As oxyanions and the negatively 

charged biochar surface (Zoroufchi Benis et al., 2020). Accordingly, choosing peanut shells as the 

feedstock for the unmodified biochar is beneficial for investigating its soil modification abilities 

that affect the mobility of As. 

The yield of biochar decreases with increasing pyrolysis temperature. The yield of peanut shells 

biochar was 21.9% when the pyrolysis temperature increased to 700°C (Tomczyk et al., 2020). 

Therefore, we choose 300°C, 400°C, and 500°C as the pyrolysis temperatures to ensure high yields 

of the biochar. 
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S2. Biochar characterization methods 

The pH was determined at a biochar-to-water ratio of 1:10 and measured with a pH analyzer 

(PHS-3F, Rex Electric Chemical, China) after half an hour of standing. The biochar morphology 

was monitored via a scanning electron microscope (SEM, JEOL, Japen) at a 5000 V accelerating 

voltage and a resolution of 1.4 nm. The functional groups in the samples (using a biochar-to-KBr 

mass ratio of 1:60) were analyzed by Fourier Transformation Infrared Spectroscopy (Nicolet iS 50, 

Thermo Scientific, USA), scanning from 450 to 4000 cm-1 with 65 scans at a resolution of 4 cm-1. 

Dissolved organic matter (DOM) was analyzed using a total organic carbon (TOC) analyzer 

(TOC-LCPH/CPN, Shimadzu, Japan), and was represented as dissolved organic carbon (DOC). The 

DOM extraction methods was from Li et al. (Li et al., 2022). A total of 1 g of biochar was taken and 

added to a centrifuge tube at a ratio of 1:40 (w/v) with Milli-Q water. The tube was placed in a 

constant temperature shaking bed (200rpm, 25±1°C) in the dark, and shaken for 24 hours. The 

plastic centrifuge tube was then centrifuged at 4000 r/min for 15 minutes. The filtrate obtained after 

the mixture was passed through a 0.45 μm filter head was the extracted DOM of the biochar. The 

obtained filtrate was stored in a refrigerator at 4°C and the sample analysis was completed within 5 

days. 

UV–visible spectrophotometry (UV–2600, Shimadzu, Japen) was used to measure the UV–

visible absorption values of the DOM samples at wavelengths ranging from 200 to 600 nm with a 1 

nm interval. The measurements were performed using Milli-Q water as the blank, and the 

absorbance of the sample was obtained by subtracting the absorbance of the blank water. Specific 

Ultraviolet Absorbance at 254 nm (SUVA254) indicates the molecular weight and aromaticity degree 

of the DOM (Wang et al., 2013), which was calculated using the formula UV 254/ (A × B), where 
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UV254 is the absorbance of the sample at 254 nm, A is the optical path diameter (0.01 m), and B is 

the DOM content (mg/L). 

A fluorescence spectrophotometer (F-4600, Tokyo, Japan) was used to measure the EEM 

spectra of the DOM extracted from the different biochars. The scanning range was set from 200 to 

550 nm for excitation and from 250 to 650 nm for emission, with excitation and emission slit widths 

of 5 nm, and a scan speed of 12000 nm/min. 

To analyze the biochar characterization results, parallel factor analysis (PARAFAC) was 

performed using the DOM Fluor v.1.7 Toolbox in MATLAB R2016a (MathWorks, USA) to 

optimize the EEM data. The spectral parameters Fluorescence Index (FI), Biological Index (BIX), 

and Humification Index (HIX) were calculated. 
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S3. The results and discussion of the biochar characterization 

The prepared biochars were all alkaline (pH > 7), and the pH increased from 7.82 to 9.87 when 

the pyrolysis temperature increased from 300 to 500℃ (Supplementary Table S2). This trend is 

consistent with the established literature (Chen et al., 2014; Ding et al., 2014; Tomczyk et al., 2020; 

Yuan et al., 2011). The elevation in pH values primarily arises from the enhanced pyrolysis 

temperature, causing the formation of alkali salts from organic substances (Ronsse et al., 2013; 

Spokas et al., 2012; Zhao et al., 2017).  

The SEM images of the three groups of biochar are displayed in Fig. S1. From the images, it 

can be observed that the surfaces of all three types of biochar were relatively rough and contained 

abundant pore structures. Notably, BC500 exhibited a more pronounced porous structure compared 

to BC300 and BC400, with its surface appearing even rougher. This suggested that variations in 

pyrolysis temperature can indeed influence both the pore structure and surface morphology of the 

biochar. 

The FTIR spectra of the biochars produced at different pyrolysis temperatures are depicted in 

Fig. S2. BC300, BC400, and BC500 exhibited similar absorption peaks, primarily attributed to 

characteristic functional groups such as -COOH (1550~1650 cm-1), C=O (~1100 cm-1), and C=C 

(~800 cm-1). However, it could also be observed that with the increase in pyrolysis temperature, 

certain functional groups gradually disappeared. For instance, in BC500, there was an absence of 

absorption peaks associated with phenolic and alcoholic hydroxyl groups (3400~3500 cm-1), as well 

as saturated aliphatic C-H bonds (2800~2900 cm-1). 

The DOC content of the biochar samples decreased with increasing pyrolysis temperature 

(Supplementary Table S2). This might be caused by the decomposition of organic matter at higher 
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temperatures (Tomczyk et al., 2020). The decrease in DOC content may be attributed to the 

reduction in the violate substance content and the increase in the fixed carbon content (Liu et al., 

2015). Moreover, the pyrolysis products obtained at a low temperature may undergo secondary 

actions such as decomposition, condensation, and polymerization, leading to the formation of stable 

poly-aromatic hydrocarbons and a decrease in the DOC content of the biochar (Zhang et al., 2020). 

From Table S2, it is evident that the FI values of the peanut shell biochar decreased with 

increasing pyrolysis temperature, all of which were less than 1.2. This suggests that the DOM in all 

three biochar samples originated primarily from soil-derived DOM, with an increase in the aromatic 

substance content with rising pyrolysis temperature. As the pyrolysis temperature gradually 

increased, the BIX progressively decreased, indicating a reduction in the proportion of protein-like 

substances and their biological availability in the biochar-derived DOM. Meanwhile, the HIX 

decreased with increasing pyrolysis temperature, signifying that at higher pyrolysis temperatures, 

the DOM derived from the biochar exhibited higher humification and aromatization, resulting in a 

more complex structure. 

The effects of different pyrolysis temperatures on the UV–Vis spectrum of the biochar-derived 

DOM are shown in Fig. S3. Within the wavelength range of 200-400 nm, the absorption coefficient 

exponentially decreased, and then stabilized. This phenomenon may be associated with the 

transformation of aromatic substances in the biochar (Gui et al., 2020). Fig. S4 illustrates the 

SUVA254 values for the various biochars. It is evident that the SUVA254 values of the biochar-derived 

DOM gradually increased with rising pyrolysis temperature, indicating a higher aromaticity and 

molecular weight at higher temperatures. The SUVA254 values for all three biochar samples were 

less than 3L · mg−1 · m−1, indicating a prevalence of hydrophilic components (Tang et al., 2016). 
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It can be inferred that BC300 contained fulvic and humic acids in the visible light region. BC400 

contained both fulvic acid in the UV region and fulvic acid in the visible light region. BC500 

contained fulvic acid in the UV region (Supplementary Fig. S5 and Table S3). 
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Supplementary Table S1. The pH and variation in DOM quality indices of biochars. 
Sample pH DOC 

(mg/L) 
FI BIX HIX Ash 

BC300 7.82 221.8 0.9860 1.123 0.7580 19.89 
BC400 8.94 69.25 0.8951 1.006 0.8297 25.92 
BC500 9.87 9.578 0.7043 0.7790 0.8866 28.06 

The Fluorescence Index (FI) was defined as the ratio of the fluorescence intensity at 470 nm and 

520 nm with an excitation wavelength of 370 nm (Gui et al., 2020). The Humification Index 

(HIX) was calculated as the ratio of the area of the emission intensity between 435 and 480 nm to 

the area of the emission intensity between 300 and 345 nm at an excitation wavelength of 254 nm 

(Wu et al., 2019). The Biological Index (BIX), which is an indicator of freshly produced DOM, is 

the ratio of the emission intensities at 380–430 nm at 310 nm (Ex) (Lee et al., 2018). 
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Supplementary Table S2. Characteristic peaks for substances in DOM fluorescence spectra (Bai 
et al., 2020; Huo et al., 2023; Wen et al., 2023). 

EX/EM (nm) Representative substance 
210~230, 260~280/280~310 Tyrosine-like substance 
220~240, 260~280/320~350 Tryptophan-like substance 
240~260/380~410 UV-zone analog of fulvic acid-like substances 

330~350/380~410 Visible-zone analog of fulvic acid-like 
substances 

260~300/475~510 Humic acid-like substance 
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Supplementary Table S3. The experiment group in the soil incubation experiment. 
Sample Biochar application rate (w: 

w) 
Initial soil pH 

CK-P1 Equivalent deionized water 5.5 
CK-P2 Equivalent deionized water 7.0 
CK-P3 Equivalent deionized water 8.5 

SBC300-P1 5% BC300 5.5 
SBC300-P2 5% BC300 7.0 
SBC300-P3 5% BC300 8.5 
SBC400-P1 5% BC400 5.5 
SBC400-P2 5% BC400 7.0 
SBC400-P3 5% BC400 8.5 
SBC500-P1 5% BC500 5.5 
SBC500-P2 5% BC500 7.0 
SBC500-P3 5% BC500 8.5 

CK means no biochar; SBC300, SBC400, and SBC500 represent the soils with the application of 

different biochars (BC300, BC400, and BC500, respectively). Application rates refer to the ratio 

of amendment mass-to-soil mass (w/w). BC300, BC400, and BC500 represent the biochars 

prepared from peanut shells under different pyrolysis temperatures (300℃, 400℃, and 500℃, 

respectively). 
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Supplementary Table S4. The three-way Analysis of Variance (ANOVA) (p < 0.05) results for the effects of different treatments on incubated soil (* p < 0.05; ** p < 0.01, 
*** p <0.001). 

The independent variables biochar, soil pH, and time indicate the application of different biochars (BC300, BC400, BC500), the initial soil pH (5.5, 7.0, 8.5), and the 

incubation day (1st, 2nd, 4th, 7th, 15th, 21st), respectively. The biochar was the main independent factor. 

  

Independent 
Variable 

P value of Dependent Variable 

pH Eh DOC Fe (Ⅱ) TFe HCL-Fe As (Ⅲ) TAs A-As Amo-Fe-As 

Biochar < 2e-16 
*** < 2e-16 *** <2e-16 *** 2.02e-12 

*** <2e-16 *** < 2e-16 *** <2e-16 *** < 2e-16 *** < 2e-16 *** 0.00314 ** 

Soil pH < 2e-16 
*** 

0.614 0.5320 0.6262 0.2145 0.1832 0.885 0.168534 0.2458 0.01671 * 

Time < 2e-16 
*** 

< 2e-16 *** <2e-16 *** < 2e-16 *** <2e-16 *** < 2e-16 *** <2e-16 *** < 2e-16 *** 5.87e-07 
*** 

2.43e-09 
*** 

Biochar + soil pH 
8.18e-05 

*** 
6.49e-14 

*** 0.7759 0.1064 0.0018 ** 0.0084 ** 0.930 0.321722 0.4204 0.87736 

Biochar + time < 2e-16 
*** < 2e-16 *** 0.0033 ** 3.58e-08 

*** <2e-16 *** < 2e-16 *** <2e-16 *** < 2e-16 *** 0.0214 * 2.28e-15 
*** 

Soil pH + time 7.10e-13 
*** 

4.84e-16 
*** 

0.1117 0.9888 0.6931 0.1142 0.928 0.166674 0.7294 0.10078 

Biochar + soil pH 
+ time 

5.70e-10 
*** 

< 2e-16 *** 0.2238 0.0261 * 0.0262 * 1.68e-05 
*** 

0.958 0.000738 
*** 

0.1842 0.00439 ** 
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Supplementary Table S5. Alpha-diversity indices of bacterial communities in soil samples under the different 
treatments. 

Experiment 
Group Day OTUs 

Species richness Species diversity 
ACE Chao1 Simpson Shannon 

Original Soil \ 42753 4692.141 4650.634 0.003418 6.775241 

CK-P1 4th 44314 4411.889 4375.053 0.004783 6.554813 
21st 33966 4424.877 4373.148 0.003483 6.69907 

CK-P2 
4th 44423 4446.192 4491.758 0.004539 6.593112 
21st 36477 4710.468 4666.779 0.003689 6.667046 

CK-P3 4th 32871 3349.172 3321.381 0.004352 6.557445 
21st 45755 4575.193 4513.108 0.00593 6.520869 

BC300-P1 4th 47977 4271.431 4252.012 0.005103 6.502218 
21st 40654 4733.55 4706.451 0.003395 6.745679 

BC300-P2 
4th 45023 4367.149 4292.353 0.007019 6.403359 
21st 40039 4393.25 4344 0.003662 6.676 957 

BC300-P3 4th 41056 3847.061 3810.542 0.00917 6.141673 
21st 45340 4749.583 4762.062 0.003382 6.749612 

BC400-P1 4th 44214 3884.495 3891.586 0.011072 5.972336 
21st 47211 4680.253 4719.247 0.00459 6.665632 

BC400-P2 
4th 41346 3952.413 3923.392 0.010688 6.082036 
21st 43661 4642.148 4612.304 0.003496 6.718768 

BC400-P3 4th 47523 4382.306 4430.66 0.005754 6.451578 
21st 44511 4674.054 4682.101 0.003466 6.746189 

BC500-P1 4th 48342 4448.781 4518.911 0.01078 6.204063 
21st 46334 4847.824 4825.061 0.002845 6.843013 

BC500-P2 
4th 59838 4808.578 4842.723 0.007318 6.451542 
21st 47446 4884.877 4881.36 0.002787 6.847462 

BC500-P3 4th 43361 4485.754 4451.816 0.005357 6.558787 
21st 43539 4945.874 4937.875 0.004211 6.678844 

Treatment abbreviations are defined in Table S3. 
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Supplementary Figure S1. Scanning electron microscopy (SEM) images of biochar samples. 
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Supplementary Figure S2. The FTIR spectra of different biochar samples produced at different pyrolysis 

temperatures. 
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Supplementary Figure S3. The UV–Vis spectra of DOM derived from biochars produced at different pyrolysis 

temperatures. 
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Supplementary Figure S4. The characteristic parameters (SUVS254 (L·mg−1·m−1)) of the UV–Vis spectra of the 

DOM released from the biochars produced at different pyrolysis temperatures. 
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Supplementary Figure S5. The EEM of DOM derived from biochars produced at different pyrolysis temperatures. 
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Supplementary Figure S6. Variation in (a) pH, (b) Eh, and (3) concentration of DOC in the supernatant with 

different treatments during the incubation. Values are the mean ± standard error of three replicates. Different letters 

in the same day indicate significant differences among treatments (p < 0.05). Treatment abbreviations are defined 

in Table S3. 
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Supplementary Figure S7. Concentrations of Fe in the soil phase with different treatments during the incubation. 

Values are the mean ± standard error of three replicates. Treatment abbreviations are defined in Table S3. 
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Supplementary Figure S8. Relative abundances in bacterial community composition among the different 

amendment treatments at the genus level. The bar color represents the bacterial phylum. Origin indicated the fresh 

soil without any treatment. Treatment abbreviations are defined in Table S3. 
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Supplementary Figure A9. Relative abundances of main AsOB, AsRB, and FeRB among the different amendment 

treatments. The bar color represents the bacterial phylum. Origin indicates the fresh soil without any treatment. 

Treatment abbreviations are defined in Table S3. 
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