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2 Materials and Methods
2.3 Characterization of GBC
Elemental composition (C, N, O, H) was determined using an elemental analyzer (EA, Elementar Vario EL Ⅲ, Germany). Surface elemental composition and chemical states were analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, USA). Surface morphology was examined via scanning electron microscopy (SEM, ZEISS Sigma 360, Germany). Specific surface area, pore volume, and pore size distribution were measured by N₂ physisorption at 77 k using a surface area and porosity analyzer (Micromeritics ASAP 2460, USA). The crystalline structure was characterized by X-ray diffraction (XRD; Rigaku Ultima IV, Japan) over a 2θ range of 10 ° to 90 °. Surface functional groups were analyzed by Fourier-transform infrared spectroscopy (FTIR; Thermo Fisher Scientific Nicolet iS20, USA) in the wavenumber range of 400-4000 cm-1.
2.4 Cd2+ Adsorption Experiments with GBC
[bookmark: OLE_LINK136]A stock Cd2+ solution (100 mg/L) was prepared by dissolving 0.228 g of CdSO4·8/3H2O in distilled water and diluting to volume. All batch adsorption experiments were conducted in 50 mL centrifuge tubes in triplicate, with experimental data expressed as mean ± relative standard deviation (RSD), and RSD<5% considered valid. Unless specified for pH effect studies, the initial pH of the working solutions was adjusted to 6. After absorption equilibrium was reached, the suspensions were filtered through a 0.45 μm membrane filter, and the residual Cd2+ concentration in the filtrate was measured using an atomic absorption spectrophotometer (TAS‑990).
[bookmark: OLE_LINK118]To screen for optimal adsorption conditions, 0.1 g of either pristine or modified GBC was added to 40 mL of 50 mg/L Cd2+ solution (initial pH 6.0) and shaken at 25°C and 250 rpm for 24 h. The GBC type and modification ratio demonstrating the highest adsorption capacity were selected for subsequent experiments.
The effect of adsorbent dosage was studied by adding different masses of the selected GBC (0.05-1.6 g) to 40 mL of the Cd2+ solution (50 mg/L, pH 6.0). To investigate the influence of pH, 0.1 g of the selected GBC was added to 40 mL of Cd2+ solution with the initial pH adjusted to values ranging from 2 to 10. All suspensions were shaken at 25°C and 250 rpm for 24 h before filtration and Cd2+ analysis.
Adsorption kinetics and isotherm experiments were conducted under the optimal adsorption conditions (only contact time or initial Cd2+ concentration was changed): Adsorption kinetics were studied by adding 0.1 g of the selected GBC to 40 mL of Cd2+ solution (50 mg/L, pH 6.0). The mixture was shaken at 25°C and 250 rpm, and aliquots were taken at predetermined time intervals (0-1440 min) for Cd2+ concentration analysis. Adsorption isotherms were determined using Cd2+ solutions with initial concentrations ranging from 1.25 to 80mg/L (1.25, 2.5, 5, 10, 20, 40, 50, and 80 mg/L) under otherwise identical conditions (0.1 g GBC, 40 mL, pH 6.0, 25 °C, 250 rpm, 24 h). After the 24 h equilibrium period, the suspensions were filtered for final Cd2+ concentration measurement.
2.5 Statistical analysis
The adsorption capacity (qe) and removal rate (R) of Cd2+ by GBC were calculated using the following equations:
                   （1）
               （2）
Where C0 (mg/L) is the initial Cd2+ concentration, Ce (mg/L) is the equilibrium Cd2+ concentration, v (mL) is the volume of the adsorption solution, and m (g) is the mass of GBC.
The pseudo-first-order (PFO) (3), pseudo-second-order (PSO) (4), and intraparticle diffusion (5) models were applied to analyze the adsorption kinetic data:
                         （3）
                               （4）
                            （5）
[bookmark: OLE_LINK120]Where qt (mg/g) is the adsorption capacity at time t (min), K1 (min-1) is the PFO rate constant reflecting the physical adsorption rate, K2 (g·mg-1·min-1) is the PSO rate constant reflecting the chemical adsorption rate, K3 (mg·g-1·min-1/2) is the intraparticle diffusion rate constant, and C (mg/g) is the boundary layer effect constant (a larger C value indicates a more significant boundary layer effect)..
The Langmuir (6) and the Freundlich (7) models were used to describe the adsorption isotherms:
                            （6）
                            （7）
Where qm (mg/g) is the theoretical maximum monolayer adsorption capacity, KL (L/g) is the Langmuir equilibrium constant related to the affinity of binding sites indicating a stronger adsorbent-adsorbate interaction, KF (mg1+1/ng-1L-1/n) is the Freundlich adsorption equilibrium parameterr reflecting the adsorption capacity, and 1/n is a constant reflecting the adsorption heterogeneity (a smaller value indicates a more homogeneous adsorbent surface and more favorable adsorption).
3.1.1 Yield and Elemental Composition
[bookmark: OLE_LINK138]The pyrolysis temperature significantly influenced the fundamental properties of GBCs, including yield, pH, and elemental composition. The basic characteristics of GBCs produced at different temperatures were presented in Table S1. All GBC samples exhibited alkaline properties, with pH values ranging from 9.69 to 10.27. The alkalinity increased with increasing pyrolysis temperature, which may likely be attributed to changes in the surface functional groups. For instance, research on biochar from corn stalks and black beans had shown that as pyrolysis temperature increases, the content of acidic functional groups (e.g., -COOH, -OH) decreased, while carbonate-related species such as CO32- and HCO3- increased, collectively resulting in higher pH (Das et al., 2021). Furthermore, the yield of GBCs decreased steadily from 20.75% to 16.25% as the pyrolysis temperature increased from 300°C to 500°C. This decline may be explained by the substantial volatile matter content in grapevine pruning; components such as water and light organic compounds are driven off during low-temperature pyrolysis. At higher temperatures, the pyrolysis of volatiles intensifies, and major structural components like cellulose, hemicellulose, and lignin undergo thermal decomposition, further reducing the solid yield (Wang et al., 2022).
[bookmark: OLE_LINK97]The carbon (C) content of GBCs increased from 80.39% to 82.80% as the pyrolysis temperature rose (Table S1). It is noted that, the C content recorded at 400℃ (82.72%) was comparable to that at 500℃. In contrast, the hydrogen (H), nitrogen (N), and oxygen (O) contents exhibited a gradual decline with increasing temperature. The rise in C content, accompanied by reductions in N and O, is attributed to enhanced carbonization, dehydration, and decarboxylation reactions at elevated temperatures. These processes collectively decreased the overall O content. Consequently, both the O/C and H/C atomic ratios showed a clear declining trend, indicating more intensive dehydrogenation and deoxygenation reactions at higher temperatures (Wijitkosum, 2023).
After modification, the GBC pyrolyzed at 400°C and modified with Se at a mass ratio of 1:1500 (Se:GBC) exhibited the highest Cd2+ adsorption capacity (Fig. S1), this optimal material is designated as Se-GBC400. This 1:1500 ratio was determined to be optimal because it can balance the introduction of functional groups and the preservation of pore structure: excessive Se addition (1:500, 1:1000) leads to severe pore blockage by Na2SeO3 and its decomposition products, while insufficient Se addition (1:2000) fails to effectively introduce Se-containing and oxygen-containing functional groups, resulting in poor modification efficiency. Elemental analysis revealed that the C content of Se-GBC400 decreased by 2.46% compared to its unmodified counterpart (GBC400), while the contents of N, O, H, and the O/C and (O+N)/C atomic ratios increased. This reduction in C proportion might be attributed to the loading of Na2SeO3, which introduced additional inorganic ash components, namely sodium and Selenium. The increase in O/C and (O+N)/C atomic ratios indicates enhanced hydrophilicity and polarity of Se-GBC400, which correlates with a greater abundance of OFGs (Huang et al., 2024). This increase in surface OFGs directly provides more active sites for Cd2+ adsorption and ion exchange, laying a chemical foundation for the improvement of adsorption capacity (Meng et al., 2025).
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Fig. S1 Adsorption Cd2+ by GBC and Se-GBC.
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Fig. S2 N₂ adsorption-desorption curves and pore size distributions of GBC300(a)、GBC400(b)、GBC500(c) and Se-GBC400(d).
Table S1. Elemental and surface structural characteristics of GBCs.
	[bookmark: _Hlk216100874]
	GBC300
	GBC400
	GBC500
	Se-GBC400

	Yield (%)
pH
C (%)
	20.75
9.92
80.39
	19.00
9.69
82.72
	16.25
10.27
82.80
	/
/
80.26

	N (%)
	1.67
	1.57
	1.51
	2.10

	O (%)
	10.07
	8.11
	7.89
	9.57

	H (%)
	3.23
	2.45
	2.23
	2.95

	O/C (%)
	0.13
	0.10
	0.10
	0.12

	H/C (%)
	0.04
	0.03
	0.02
	0.04

	(O+N)/C (%)
BET surface area (m2/g)
Pore volume (cm3/g)
Average pore size (nm)
	0.15
10.07
[bookmark: OLE_LINK9]2.9×10-3
48.83
	0.12
47.84
5.7×10-3
5.57
	0.11
76.67
5×10-4
2.27
	0.15
38.81
5.3×10-3
54.47




[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Table S2. Parameters of PFO and PSO models for Cd2+ adsorption by GBC before and after modification.
	[bookmark: _Hlk216121072][bookmark: OLE_LINK2]Metal
	Pseudo-first-model
	Pseudo-second-model

	
	Qe（mg/g）
	K1
（min-1）
	R2
	Qe（mg/g）
	K2
（min-1）
	R2

	GBC300
	7.94
	1.3230
	0.9230
	8.08
	0.2577
	0.9589

	GBC400
	9.17
	1.3014
	0.9444
	9.31
	0.2376
	0.9703

	GBC500
	13.09
	1.9159
	0.9722
	13.20
	0.3585
	0.9819

	Se-GBC400
	14.35
	0.9559
	0.9417
	14.67
	0.0959
	0.9768




Table S3. Fitting parameters of the IPD for GBCs before and after modification.
	[bookmark: _Hlk216121333]Metal
	Intraparticle diffusion model

	
	Kint1
	R2
	Kint2
	R2
	Kint3
	R2

	GBC300
	0.8534
	0.5117
	0.0336
	0.8554
	0.00718
	0.7794

	GBC400
	0.9586
	0.4669
	0.0359
	0.9466
	0.0036
	0.8573

	GBC500
	2.1805
	0.3674
	0.0387
	0.7898
	0.0022
	0.9340

	Se-GBC400
	2.7134
	0.6621
	0.0499
	0.9283
	0.0379
	0.7312



[bookmark: OLE_LINK7]Table S4. Parameters of Langmuir and Freundlich models for Cd2+ adsorption by GBCs before and after modification.
	[bookmark: _Hlk216121517]Metal
	Langmuir
	Freundich

	
	Qm（mg/g）
	KL（Lg-1）
	R2
	KF（Lg-1）
	1/n
	R2

	GBC300
	13.05
	0.0807
	0.9554
	1.5085
	0.5109
	0.9303

	GBC400
	16.62
	0.0681
	0.9818
	1.6909
	0.5388
	0.9594

	GBC500
	22.34
	0.0831
	0.9824
	2.4852
	0.5425
	0.9238

	Se-GBC400
	24.52
	0.1752
	0.9935
	4.7856
	0.4472
	0.9332
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