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Hydrochars preparation
After thoroughly mixing 5g of WB with 100 mL of distilled water within a phenolic resin-lined container, the mixture was sealed in a stainless-steel hydrothermal reaction vessel. The reaction vessel was heated at 220°C for 5 h in a box-type drying oven, followed by natural cooling to room temperature. The solid-liquid mixture was collected, and a solid-liquid separation procedure was carried out. The mixture underwent ultrasonic processing for 3 min. After completion, the mixture was placed on a filtration device, and a 0.45 μm filter membrane was employed for filtration. During this process, distilled water was used to wash the solid product (hydrochar) until the pH of the filtrate remained constant. Finally, the hydrochar was dried at 105°C until a constant weight was achieved, followed by grinding and sieving through a 60-mesh sieve before being sealed for further use.
Methods

Materials Characterization
The N2 adsorption-desorption isotherm experimental method at 77K is used to ascertain the pore characteristics of biomass and hydrochar. Subsequently, the BET (Brunauer-Emmett-Teller) method is employed to calculate the specific surface area (SSA) and pore volume. Furthermore, the BJH (Barrett-Joyner-Halenda) analysis is employed to investigate the pore size distribution of the hydrochar. The morphological features are obtained through scanning electron microscopy (SEM, Quanta 200FEG, America). XRD analysis was performed using a D8 Advance diffractometer (Bruker, Germany) at 20°C with a scanning rate of 8°/min under 40 kV/40 mA operation. The samples' crystal structure is determined by X-ray diffraction within a 2θ = 5-80°. Fourier-transform infrared spectroscopy (FTIR, Spectrum Two, America) is employed to analyze the material utilizing the potassium bromide pellet method. Surface chemical analysis was performed using XPS (Thermo Scientific Nexsa G2, USA) with a monochromatic Al Kα source (1486.6 eV), 400 μm spot size, and 12 kV/10 mA operation. Thermal information is obtained via a simultaneous thermal analyzer (TACONY-Spectrum Two, America), wherein the material is heated from room temperature to 1000°C at a rate of 20°C/min. The samples were dissolved using microwave digestion with nitric and sulfuric acids (3:1 volume ratio) in a polytetrafluoroethylene container (CEM-MARS6, America). Subsequently, the concentrations of Cd and Zn are determined using inductively coupled plasma (Thermo Fisher, ICAP7400 series, USA).

Methods S1 

Use the formula to calculate the HMs content in the solid phase (1) and the liquid phase (2), and then calculate the distribution through the ratio:
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RS (%) and RL (%) respectively represent the percentage of Cd or Zn in solid phase and liquid phase, CL (mg/g) and CWB respectively represent the content of Cd or Zn in hydrochar and WB, Y represents the yield of hydrochar, m=5g.

Methods S2 

The equilibrium concentration of HMs in the filtrates were measured using inductively coupled plasma-atomic emission spectrometry (ICP-OES) or inductively coupled plasma-mass spectrometry (ICP-MS) (Li et al., 2021). Sorption capacity (qe, mg/g) of Cd2+ and Cu2+ on WB and HTCs were calculated using the following equation:
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where C0 and Ce (mg/L) represent the initial and equilibrium concentrations of U(VI), V (mL) reflects the solution volume, and m (mg) denotes the dry weight of sorbent.

Methods S3 

(1) The adsorption isotherm data of hydrochar for Cd and Cu were fitted by Langmuir (4) model, Freundlich (5) model and Temkin (6) model respectively (Cui et al., 2016; He et al., 2021):
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where qe and Qmax are the equilibrium and the maximum adsorption capacity (mg/g); Ce is the equilibrium concentration (mg/L); KL is the Langmuir constant (L/mg); KF is the Freundlich constant (mg/g); n is the heterogeneity factor, A and B are equation parameters.

(2) To further investigate the adsorption behavior of heavy metals on bone charcoal, the kinetic adsorption data were fitted using the quasi-first-order kinetic model (Equation 7) and quasi-second-order kinetic model (Equation 8). The quasi-first-order kinetic model is based on the weak interactions between the adsorbate and the adsorbent, making it suitable for describing physical adsorption processes. This can be understood as the adsorption process being significantly influenced by intra-particle mass transfer resistance during the initial stages, primarily involving boundary diffusion in a monolayer adsorption scenario.

In contrast, the quasi-second-order kinetic model suggests that the adsorption process is controlled by chemical adsorption between the adsorbate and the adsorbent. This model assumes that the number of available equilibrium adsorption sites on the adsorbent is related to the square of the difference between the total number of occupied sites and the number of available sites, allowing the adsorbate to bond to active sites with varying binding energies (Chu et al., 2018; Xiao et al., 2020).

The main Equations are as follows:
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where qe (mg/g) and qt (mg/g) are the adsorption amounts of HMs at adsorption equilibrium and time t, respectively; k1 (L/min) and k2 (g/(mg·min)) are the corresponding adsorption kinetic constants, respectively.

Methods S4:
The soil was divided into three treatment groups based on mass ratio: 1%, 3%, and a control group without the addition of hydrochar, each with three replicates. Each treatment involved filling wide-mouth plastic jars with 300 g of soil. The cultivation began on January 16, 2024, and continued for ten weeks. The entire experimental process took place in a plastic greenhouse, with watering occurring every three days to maintain soil moisture content at 70% of the soil's maximum water holding capacity. Additionally, a portion of fresh samples was stored in a refrigerator at 4°C for enzyme activity testing. Another portion was air-dried naturally for subsequent measurement of other physical properties of the soil (such as pH, organic matter content, and HM content). The testing methods for soil physicochemical properties were derived from "Experimental Techniques for Soil Pollution Ecological Remediation."(Wang, 2018)
(1) The soil bulk density is calculated by Equation 9:
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among them, ρb is the soil bulk density (g/cm3); m (g) is the mass of the wet sample in the ring knife (g); V (cm3) is the ring knife volume (cm3); θm (%) is the moisture content of the sample.

(2) Soil capillary porosity and total porosity:

After soil sampling, wrap the ring knife with filter paper and secure it with a rubber band. Then place the bottom of the ring knife into a vitreous enamel tray filled with water. After one day, remove the ring knife from the vitreous enamel tray and weigh it. Subsequently, weigh it every day until the difference between two consecutive weighings is less than 0.2 g. When the difference between two consecutive weighings is less than 0.2 g, it indicates that the soil capillary tubes have been saturated with water, meaning the soil has absorbed sufficient moisture. Calculate the soil capillary porosity using the following Equation 10:
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in the formula, Pc (%) is the soil capillary porosity; V (cm3) is the volume of the ring knife; m (g) is the weight of the fresh sample in the soil cylinder; m1 (g) is the dry soil weight in the soil cylinder.

Soil pH

Weigh 10.0 g of air-dried soil that has passed through a 2 mm sieve, put it into a centrifuge tube, add 25.0 mL of CO2-free distilled water, shake evenly, let it stand for 30 minutes, and then use a pH meter to measure the pH of the supernatant. The pH of air-dried soil samples was measured in triplicate and the average value was taken.

(4) Total organic carbon (TOC)

Weigh 0.100 g of air-dried soil that has passed through a 100-mesh sieve, place it in a crucible and lay it flat. The crucible is sent to a total organic carbon analyzer (C3100TOC, MultiN, Germany), and the total organic carbon content of the soil is obtained through the software.

(5) Soil heavy metal speciation and content:

After soil sampling, the soil samples should be air-dried. Initially, pass the soil samples through a nylon sieve with a 1 mm aperture to remove gravel and organic residues. Then, grind the samples in a mortar until they pass through a nylon sieve with a pore size of over 100 mesh. Finally, store the processed samples for further use.

For the total determination of heavy metals (such as Cd, Zn) in the soil, the method of aqua regia digestion extraction is employed. The extraction of exchangeable fractions is carried out using the diethylene triamine pentaacetic acid (DTPA) method. Various forms of heavy metal content are extracted using the BCR sequential extraction procedure. The heavy metal content in all extraction solutions will be determined using ICP-OES (Inductively Coupled Plasma Optical Emission Spectroscopy).

Method S5

Using an improved BCR sequential extraction method, the bioavailability of heavy metals in soil was assessed. This method effectively categorizes heavy metals into four distinct forms: acid-extractable, reducible, oxidizable, and residual states. By doing so, it provides a comprehensive understanding of the distribution and potential mobility of heavy metals within the soil matrix, allowing for better evaluation of their ecological risks and availability for uptake by organisms. The detailed extraction steps are shown in Table S2(Gai et al., 2024; Xiao et al., 2023).

Method S6

This method considers not only the concentrations of various HMs in the environment but also provides a comprehensive assessment of the ecological, environmental effects, and toxicological research of HMs. It evaluates both the risk level of individual HMs and the overall risk level of multiple HMs. The calculation Equations is as follows (Hakanson, 1980):
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where Cf represents the comprehensive pollution degree of a single HM. Cm and Cn represent the potential migration forms (exchangeable/acid-soluble, reducible, and oxidizable fractions) and stable forms (residual fraction) of the HMs, respectively. Er is the potential ecological risk factor of the HMs. Tr is the toxicity factor of the HMs (e.g., 30 for Cd, 1 for Zn). The risk classification standards for Cf, Er and RI are shown in Table S3.
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Fig S1 The content of HMs in hydrochars
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Fig. S2 SEM and Mapping of WB
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Fig. S3 Adsorption and desorption isotherms of N2 adsorbed by PAHC

[image: image18.jpg]PAHC-1

0.10-(6

0.08-

06
0.04-

S
(“p3op) ‘Ap

0.02-

0.00-

-0.02

\Jl/j:

0.10- (d)

0.08-

06-
0.04-

o. .
(“pSop) ‘Ap

0.02-

0.00+

-0.02

] %jw
Q

PAHC-0.5

-
—
-

0.08 1

0.06-

4
=
=

(“pSop) ‘AP

0.02-

0.00-

-0.02

(b)

PAHC-0.25

0.05

0.04

0.03
0.02

(“p3op) “Ap

0.01

0.00+

~ - —ag B
<

N

100

100

100

100

PAHC-0.01

10

10

10

10

100

10
d (nm)

0.03

0.02-

T
—

-

d d N
("p3op) "APp

0.00-

d (nm)

d (nm)

d (nm)

d (nm)

()

T8

C —_—

T

<

[a®
O
—

A

T T T 4 T —
>~ O W <t on (o — ()
=) S = S (= S S S
) () () q ) q (= L) o o

("p3op) “Ap
(@)
D=
Ol =
T
<
[al
| O
ey
Y
o
) —

T T T T —
(@) cO \O <t (@\| o
— S = S S S
() () ﬁHO P (cmms) (commn (@)

("p3op) "APp
()
=
Ol —
T
<
a1
O
p—
=
| ——
. . —
<t @\l (@) o0 O <t (\| (@)
() () ] Og OQ [ ] (] ()
("p3op) "AP
A
218
A —
A
L O
yp—
T
)
p—

T ' T T p—
\O <t (@\| (@) o0 \O <t N O o\
() (@) ) () (@) (=) o (@) (e nﬂ

d d
("p3op) "Ap
T
=
OFD
H —
<
a0
O
—
| —

T T * T * T T T T T T T 1

@\ () (070 \O <t o\ (-}
— — S S S = S
o (o) ) () (s}

S S
(“pSop) ‘Ap

d (nm)

d (nm)

d (nm)

d (nm)

d (nm)




Fig. S4 Pore size distribution of PAHC
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Fig. S5 High resolution XPS spectra for C1s core-level region of PAHCs
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Fig. S6 High resolution XPS spectra forO 1s core-level region of PAHCs
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Fig. S7 XPS pattern of P element in hydrochar
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Fig. S8 TG-DTG of WB and hydrochars
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Fig. S9 Zeta potential of hydrochars.
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Fig. S10 Distribution of Cd and Zn species in aqueous solutions under different pH conditions
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Fig. S11 Mapping after hydrochar adsorbs Cd2+ and Cu2+
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Fig. S12 Basic physical properties of soil: (a) pH; (b) unit weight; (c) porosity; (d) CEC

Table S1 Biochar technical index requirements
	Project
	Index

	
	Level I
	Level Ⅱ

	TC, %
	≥60
	≥30

	FC, %
	≥50
	≥25

	H/C
	≤0.4
	≤0.75

	O/C
	≤0.2
	≤0.4

	As, mg/kg，
	≤13
	≤15

	Cd, mg/kg
	≤0.3
	≤3

	Pb, mg/kg，
	≤50
	≤50

	Cr, mg/kg
	≤90
	≤150

	Hg, mg/kg，
	≤0.5
	≤2

	Tl, mg/kg
	≤2.5
	≤2.5

	Cu, mg/kg，
	≤50
	≤200

	Ni, mg/kg
	≤50
	≤190

	Zn, mg/kg
	≤200
	≤300

	PAHs, mg/kg
	≤6
	≤6

	BaP, mg/kg，
	≤0.55
	≤0.55

	H2O, %
	≤30
	≤30


Table S2 The fitting parameters of adsorption kinetic of metal ions onto hydrochar 
	Samples
	HMs
	Quasi-first-order kinetic model
	Quasi-second-order kinetic model

	
	
	qe
	k1
	R2
	K2
	qe
	R2

	WHC
	Cd2+
	3.189
	1.592
	0.9941
	43.42
	1.007
	0.9967

	
	Cu2+
	5.500
	0.1886
	0.9911
	17.88
	0.1236
	0.9965

	PAHC-0.75
	Cd2+
	2.782
	7.298
	0.9294
	45.18
	18.02
	0.9893

	
	Cu2+
	7.240
	0.1105
	0.9411
	22.60
	0.1756
	0.9999

	PAHC-5
	Cd2+
	2.751
	7.419
	0.9950
	46.22
	6.535
	0.9964

	
	Cu2+
	8.828
	0.2004
	0.9852
	14.01
	0.1067
	0.9985

	PAHC-20
	Cd2+
	3.152
	5.180
	0.9868
	39.59
	3.437
	0.9884

	
	Cu2+
	13.00
	0.1520
	0.9830
	9.514
	0.0700
	0.9997

	PAHC-40
	Cd2+
	5.695
	3.732
	0.9231
	21.10
	1.153
	0.9280

	
	Cu2+
	14.71
	0.2119
	0.9937
	8.290
	0.0653
	0.9995


Table S3 Modified BCR sequential extraction procedures and the corresponding fraction of the heavy metals

	Heavy Metals fraction
	Extraction procedures

	（Acid-soluble, AS)
	A 1.0 g soil sample was mixed with 40 mL of 0.11 M acetic acid (HOAC) and then shaken for 16 hours at a temperature of 22 ± 5°C at a speed of 3500 r/min. Afterward, the mixture was centrifuged for 20 minutes, and the supernatant was collected for the determination of heavy metal content.

	（Reducible, OX)
	The solid residue from the previous step was then treated with 40 mL of 0.1 M hydroxylamine hydrochloride (NH2OH·HCl, pH = 1.50). The mixture was shaken for 16 hours at a temperature of 22 ± 5°C at a speed of 3500 r/min. Following this, the mixture was centrifuged for 20 minutes, and the supernatant was collected for the determination of heavy metal content.

	（Oxidisable, OM)
	The solid residue from the previous step was treated with 10 mL of hydrogen peroxide (H2O2, pH = 2.30) and allowed to react at room temperature for 1 hour. Subsequently, the mixture was heated at 85 ± 5°C for 1 hour. After this, an additional 10 mL of hydrogen peroxide was added, and the mixture was again heated at 85 ± 5°C for 1 hour. Finally, 50 mL of 1.0 M ammonium acetate (NH4OAc, pH = 2.0) was added, and the mixture was shaken for 16 hours at a temperature of 22 ± 5°C at a speed of 3500 r/min. After centrifugation for 20 minutes, the supernatant was collected for the determination of heavy metal content.

	（Residual, RES)
	The solid residue from the previous step was treated with 3 mL of distilled water, 7.5 mL of 6.0 M hydrochloric acid, and 14 mL of nitric acid. The mixture was allowed to stand overnight at 20°C, followed by reflux digestion for 2 hours. After cooling, the mixture was filtered, and the resulting digestate was diluted to a final volume of 25 mL for the determination of heavy metal content.


Table S4 Classification of comprehensive pollution degree (Cf), potential ecological risk factors (Er) and ecological risk index (RI)
	Cf
	classification
	Er
	classification
	RI
	classification

	＜8
	Slight pollution
	≤40
	Low ecological risk
	≤150
	Low ecological risk

	8≤Cf＜16
	Moderate pollution
	（40,80]
	Moderate ecological risk
	（150,300]
	Moderate ecological risk

	16≤Cf＜32
	Strong pollution
	（80,160]
	High ecological risk
	（300,600]
	High ecological risk

	Cf≥16
	Very polluting
	（160,320]
	sSerious ecological risk
	≥600
	Serious ecological risk

	
	
	≥320
	Extremely high ecological risk
	--
	Extremely high ecological risk
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