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Text S1. Details for experimental section.

Chemicals and materials. Sodium sulfate, 1,5-diphenylcarbazide, 1,10-phenanthroline, and other 

related chemicals were purchased from Sinopharm Chemical and were of the analytical grades. 

Characterizations of the sample. The morphology and element distribution were conducted with a 

field emission scanning electron microscope (SEM) (Quanta FEG 250, FEI, USA), a transmission 

electron microscope (TEM, JEM-2100F, Japanese Electronic Optical Co. Ltd, Japan) and the high-

angle annular dark field combined with scanning transmission electron microscope (HAADF-STEM, 

Tecnai F20). DXR Raman Microscope (Thermo, 121 USA) equipped with a 532 nm laser excitation 

source, powder X-ray diffraction (XRD, Bruker D8 Advance 25, Germany) and X-ray photoelectron 

spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific, USA) were employed to detect the 

crystal structures and chemical states of samples, respectively. The organic matter content was 

detected according to Chinese standard NY/T 1121.6-2006 using the potassium dichromate 

volumetric method.1

Theoretical calculations. The calculations of slab models were carried out via spin-polarized 

density functional theory (DFT) calculations in the Vienna Ab initio Simulation Package (VASP 5.4), 

and the Perdew-Burke-Ernzerhof (PBE) and generalized gradient approximation (GGA) were 

chosen.2,3 The convergence criteria for energy and force were set to 10-5 eV and 0.02 eV/Å, 

respectively, and the cutoff energy and K-point mesh were set to 400 eV and 1*1*1, respectively. 

The isovalue in deformation charge density result was set to be 0.005 a.u.. The adsorption energy 

was defined as ΔEads = Eadsorbate/surf – Eadsorbate – Esurf. Among them, Eadsorbate/surf, Eadsorbate, and Esurf 

represent the energy of the adsorption complex, the Cr(VI) molecule, and the surface of stabilizer 

(biochar-supported nanoscale zero-valent iron, nZVI/BC), respectively. 



4

Table S1a. Physicochemical properties of soil. 

Soil properties Values

pH 7.84

Soil conductivity (μS/cm) 84.70

CEC (cmol/kg) 21.48

Organic matter (g/kg) 4.30

Table S1b. Compositions of red mud. 

Composition Concentration (mg/kg)

Cu 12.20

Zn 108.00

Cd 0.15

Pb 17.40

Cr 10.40

Cr(VI) 9.20

Hg 0.00011

Be 0.18

Ba 88.70

Ni 11.70

Ag 0.079

As 0.00056

Se 0.15
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Table S2. Fitting results of Fe 2p HR-XPS spectra in Figure 2g. 

Samples Fe(III) Fe(II) Fe(0)

Straw 0 0 0

Red mud 58% 42% 0

nZVI/BC 39% 45% 16%

Table S3. TCLP leaching concentrations of possible toxic composition in soil amended by nZVI/BC, 

and the GB/T5085.3-2007 standard.4 

Composition Leaching concentration (mg/L) Standard (mg/L)

Cu < 0.00008 100

Zn < 0.00067 100

Cd < 0.00005 1

Pb < 0.00009 5

Cr 11.26 15

Cr(VI) 3.13 5

Hg < 0.00004 0.1

Be < 0.00004 0.02

Ba 1.15 100

Ni 0.051 5

Ag < 0.00002 5

As < 0.00012 5

Se < 0.00041 1



6

Table S4. The summary of chromium presence on nZVI/BC surface and Cr(VI)-contaminated soil 

(CrSoil) surface after soil remediation. 

Cr Out MM BB Cr(III)

nZVI/BC 0 0 15% 79%

CrSoil 1% 0 5% 0

Figure S1. SEM image of nZVI/BC. 

Figure S2. Raman mapping of nZVI/BC. (a) Microscopic images. (b) Intensity distribution of peaks 

between 800 and 100 cm-1. (c) Intensity distribution of peaks between 2000 and 800 cm-1.5,6
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Figure S3. In situ DRIFTS spectra during the synthesis of nZVI/BC. (a) The heating process (Stage 

1) and (b) the subsequent temperature-keeping process (Stage 2). 

Figure S4. Gas chromatograph (GC) signals during the synthesis of nZVI/BC.

Figure S5. The effect of (a) co-pyrolysis temperature, (b) co-pyrolysis time, and (c) straw dosages 

on Cr(VI) removal with nZVI/BC. The initial Cr(VI) concentration and material dosage were 4 mg/L 

and 0.4 g/L, respectively. 
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Figure S6. XRD of the Straw700 sample.

Figure S7. Effect of (a) water proportion and (b) nZVI/BC dosage on Toxicity Characteristic 

Leaching Procedure (TCLP) leaching properties of Cr(VI) and Cr(T) during Cr(VI) stabilization in 

soil. 
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Figure S8. Size distribution of soil particles. (a) Soil, (b) CrSoil, (c) CrSoil remediation by RM700, 

and (d) CrSoil remediation by nZVI/BC. 

Figure S9. The characterization and mechanism of soil contamination by Cr(VI). (a-c) In situ 

attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy during soil 

contaminated by Cr(VI). (d) The infrared spectroscopy of CrSoil and organic matter (OM). (e) 

Schematic diagram of soil contamination by Cr(VI). 
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Figure S10. OM content of different soil samples.

Figure S11. Iron ions released from nZVI/BC and RM700 samples during soil remediation. Initial: 2 

g CrSoil, 0.2 g sample, 500 mL water.

 

Figure S12. Cr 2p HR-XPS of remediated CrSoil by nZVI/BC and RM700.
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