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Abstract 17 

The utilization rate of grapevine pruning waste for resource recovery is low, with most material 18 

being disposed of through incineration, creating an urgent need for high-value transformation. To develop 19 

an adsorbent with high Cd2+ adsorption performance, three types of grape pruning waste‑derived biochar 20 

(GBC) were prepared at relatively low pyrolysis temperatures (300, 400, and 500℃) and modified by 21 

loading different proportions of trace Na2SeO3; the mechanisms underlying Cd2+ adsorption were further 22 

investigated. The results indicate that Cd2+ adsorption onto GBC follows a monolayer adsorption model 23 

involving both physical and chemical processes. Among the samples, GBC pyrolyzed at 400°C, and 24 

modified at a Se: GBC mass ratio of 1:1500, exhibited the highest efficiency, showing a 61.03% increase 25 

in adsorption capacity compared to the unmodified biochar. The loading of Na2SeO3 increased the 26 

proportion of oxygen-containing functional groups (OFGs) such as C-O, C=O, and -COOH, on the GBC 27 

surface, thereby enhancing complexation and ion exchange with Cd2+, promoting the formation of 28 

insoluble precipitates and effectively immobilize Cd2+. These findings provide a scientific basis for the 29 

resource utilization of grapevine pruning waste in heavy metal remediation and clarify the adsorption 30 

mechanism of Se-GBC for Cd2+. 31 
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Introduction 40 

The rapid development of the table grape and wine industries has led to a continuous expansion of 41 

grape cultivation areas. Statistics indicate that China's grape cultivation area reached 10.5657 million mu 42 

(approximately 704,380 hectares) in 2022, ranking second in the world (Sun et al., 2020). Concurrently, 43 

the global annual production of grapevine pruning waste from vineyard management exceeds 4200 tons 44 

(Wong et al., 2020), making its resource recovery an important contemporary environmental issue. 45 

Traditional disposal methods for grapevine pruning residues-such as leaving them in fields, burning them, 46 

or discarding them indiscriminately-cause environmental pollution by increasing pest and disease risks, 47 

releasing PM2.5 particles (Chen et al., 2022), and occupying valuable farmland. Consequently, the 48 

resource utilization rate of grapevine pruning waste remains persistently low (Zhu et al., 2024). Therefore, 49 

developing high-value utilization technologies for this waste stream is crucial for promoting sustainable 50 

agriculture and improving environmental protection. 51 

The emergence of pyrolysis technology has provided a new pathway for valorizing agricultural and 52 

forestry by-products. Pyrolysis is an oxygen-limited thermochemical process that converts biomass into 53 

biochar (BC), along with gaseous and liquid products. BC is characterized by a elevated specific surface 54 

area, hierarchically organized porosity, and diversified surface functionality (Lan et al., 2024). Due to 55 

these properties, BC has been widely applied in heavy metal remediation, especially for the efficient 56 

removal of Cd2+. Grapevine pruning waste, with high lignin content, rich micronutrients (e.g., K, Ca, Mg, 57 

etc.) (Ibn Ferjani et al., 2019), and a natural fibrous structure that facilitates pore formation during 58 

pyrolysis, is a promising raw material for biochar production. Its internal fibrous structure facilitates the 59 

formation of natural pores during pyrolysis. The combination of a porous structure and alkaline mineral 60 



composition makes it a suitable material for heavy metal remediation. For instance, BC derived from 61 

grape pruning waste has demonstrated an adsorption capacity of 5.73 mg/g for polyphenolic compounds 62 

(Prelac et al., 2023) and up to 156.12 mg/g for Lead (Pb) in water (Li et al., 2018). Consequently, 63 

grapevine pruning waste is also likely to exhibit strong potential for adsorbing Cd2+. In a related study, 64 

(Hamzenejad Taghlidabad & Sepehr, 2018) observed that after applying BC from grapevine branches, 65 

the exchangeable cadmium content in soil decreased by 0.4 mg/kg, and the carbonate-bound cadmium 66 

content was reduced by 1.9 mg/kg. The properties of BC are influenced by factors including feedstock 67 

type, pyrolysis temperature, and heating rate, with the biomass feedstock playing a particularly 68 

significant role (Yang et al., 2020). However, the adsorption sites within the pore structure of pristine BC 69 

are inherently limited (Zhang et al., 2023), which constrains its Cd2+ adsorption capacity. Therefore, post-70 

synthesis modification is commonly employed to enhance adsorption performance through methods such 71 

as ball milling, chitosan coating, and chemical activation (e.g., with NaOH or HNO3) (Lan et al., 2024). 72 

The pore structure of GBC is inherently constrained by its raw material architecture, often resulting in 73 

high ash content and a limited variety of functional groups. Therefore, modifying GBC remains a 74 

necessary step to improve its environmental remediation performance. While extensive research exists 75 

on Cd2+ adsorption by modified biochar in general, studies specifically investigating the enhancement 76 

mechanisms for GBC remain relatively limited. 77 

Selenium (Se), an essential trace element, exhibits antagonistic effects against heavy metals (Huang 78 

et al., 2021; Zhang et al., 2020). and Se-modified biochar can enhance Cd2+ immobilization in soil and 79 

water by increasing the number of OFGs and improving hydrophilicity (Wang et al., 2025). Grape 80 

pruning waste has been proven feasible for biochar production via pyrolysis and its inherent alkaline 81 

mineral composition and porous structure make it a suitable substrate for Se modification, which can 82 



combine the advantages of selenium's heavy metal antagonism and biochar's adsorption performance 83 

(Beigmohammadi et al., 2024; Dorosh et al., 2025). However, existing studies have not explored the Se 84 

modification of GBC, and the adsorption efficacy and underlying mechanisms of Se-modified GBC for 85 

Cd2+ remain unclear. Moreover, most current studies focus on high-temperature pyrolysis (>500℃) for 86 

GBC preparation, with limited research on low-temperature pyrolysis and the optimization of selenium 87 

modification ratios. 88 

Aiming at the above research gaps, this study prepared BCs from grape pruning waste via low-89 

temperature pyrolysis (300-500℃) and modified them with different proportions of Na2SeO3. The 90 

specific research objectives were set as follows: (1) to examine the effect of relatively low pyrolysis 91 

temperatures (300℃-500℃) on the properties of GBC; (2) to evaluate the impact of Na2SeO3 dosage on 92 

the characteristics and Cd2+ adsorption performance of GBC; and (3) to elucidate the adsorption 93 

mechanisms of the modified GBC for Cd2+ via kinetic and adsorption isotherm analyses combined with 94 

multi-characterization techniques. 95 

2 Materials and Methods 96 

2.1 Materials 97 

Grapevine pruning waste was collected from a vineyard in Honggu District, Lanzhou, Gansu 98 

Province (36°14’27’’N, 103°5’57’’E). The vineyard was planted with the cultivar ‘Tiangong Moyu’. 99 

After removing impurities such as withered leaves and soil, the prunings were air-dried under shaded 100 

and ventilated conditions for approximately three months to reduce moisture content. The dried material 101 

was then cut into segments approximately 40 cm in length and stored for further use. Cd2+ was supplied 102 

in the form of cadmium sulfate octahydrate (CdSO4·8/3H2O), and Se was sourced from sodium selenite 103 

(Na2SeO3). All solutions were prepared using distilled water, and the pH was adjusted with 0.1 M NaOH 104 



or 0.1 M HCl as required. 105 

2.2 Preparation and Modification of GBC 106 

Approximately 20 kg of grapevine prunings were loaded into a pyrolysis furnace under an oxygen-107 

limited atmosphere. The temperature was raised to the target levels (300, 400, and 500°C) at a heating 108 

rate of 10°C/min and maintained for 2 h after reaching each target temperature. Following pyrolysis, the 109 

furnace was cooled to below 50°C before the GBCs were collected. The resulting GBC was ground and 110 

sieved through a 100-mesh screen, and the raw GBC produced at the different pyrolysis temperatures 111 

were designated as GBC300, GBC400, and GBC500, respectively. 112 

For modification, a predetermined mass of Na2SeO3 was dissolved in 20 mL of distilled water and 113 

mixed with GBC powder at Se: GBC mass ratios of 1:500, 1:1000, 1:1500, and 1:2000. The mixture was 114 

oscillated at 25°C and 250 rpm for 24 h, then dried at 70°C to a constant weight and stored for further 115 

use. 116 

The adsorption experiments and characterizations are described in the supplementary materials. 117 

3. Results and Discussion 118 

3.1 Specific surface area and pore structure 119 

Pyrolysis temperature significantly altered the pore structure and specific surface area of GBCs 120 

(Yang et al., 2021). As shown in Table S1, the specific surface area of GBCs increased from 10.07 m2/g 121 

to 76.67 m2/g with rising pyrolysis temperature, primarily due to the disruption of the biomass’s inherent 122 

lignocellulosic structure and the release of volatile matter, which creates new pores. The magnitude of 123 

the specific surface area plays a pivotal role in dictating the adsorption capacity. Previous studies align 124 

with this trend. For instance, Zhang et al. reported that as pyrolysis temperature increased from 300℃ to 125 

700℃, the specific surface area of mango seed biochar rose from 0.96 m2/g to 5.58 m2/g, with a 126 



corresponding increase in pore volume (Zhang et al., 2023). However, the pore volume of GBC exhibited 127 

a notable decline at 500°C (5×10-4 cm3/g), compared to 300°C (2.9×10-3 cm3/g) with the average pore 128 

diameter also decreasing continuously. This is because high temperatures promote the formation of 129 

small-diameter micropores (increasing surface area) but also cause thermal collapse and coalescence of 130 

mesopores, leading to a sharp reduction in total pore volume and poor mass transfer efficiency for Cd2+. 131 

After modification with Na2SeO3, the specific surface area (38.81 m2/g) and pore volume (5.3×10-3 132 

cm3/g) of Se-GBC400 slightly decreased compared to GBC400, while the average pore diameter 133 

increased significantly to 54.47 nm (Table S1). The slight reduction in surface area and pore volume is 134 

attributed to the partial blockage of pore channels by Na2SeO3 particles or their decomposition products, 135 

a phenomenon consistent with other modified biochar systems (Li et al., 2023). Notably, the significant 136 

increase in average pore diameter effectively compensates for the loss of surface area: the macroporous 137 

structure (>50 nm) of Se-GBC400 greatly reduces the diffusion resistance of Cd2+ ions, facilitating their 138 

rapid transport from the solution to the internal active sites of the biochar, which is a key structural factor 139 

for the improved adsorption performance of Se-GBC400; this structural characteristic is also supported 140 

by the N2 adsorption-desorption isotherm results (Fig. S2) and SEM characterization (Fig. 1d). 141 

The SEM images of GBCs were shown in Fig. 1. Unmodified GBC exhibits an irregular, 142 

honeycomb-like structure, a typical characteristic of pyrolyzed lignocellulosic biomass resulting from 143 

the removal of volatile compounds (Wang et al., 2021). As the pyrolysis temperature increased, the 144 

cracking and rearrangement of lignin and cellulose components led to structural shrinkage, transforming 145 

the GBCs surface from relatively smooth (GBC300) to more textured and rough (GBC400, GBC500). 146 

In contrast to studies where modifiers form distinct surface nanoparticles, the surface morphology of Se-147 

GBC400 (Fig.1d) showed no visually significant difference from that of GBC400. This is attributed to 148 



the low loading amount of Na2SeO3 (1:1500) and its potential integration into the biochar matrix or pore 149 

walls without forming large, discrete particulate deposits (Deng et al., 2021), which ensures that the 150 

active sites introduced by modification are evenly distributed on the biochar surface and inside the pores. 151 

The N₂ adsorption-desorption isotherms revealed the pore characteristics of the biochars (Fig. S2). 152 

The isotherms for GBC400, GBC500, and Se-GBC400 were all classified as Type IV with H3-type 153 

hysteresis loops (IUPAC classification) (Thommes et al., 2015), characteristic of materials containing 154 

slit-shaped pores and macropores while the isotherm for GBC300 did not conform to this type. After 155 

modification, the pore size distribution of Se-GBC400 showed an increased proportion in the macropore 156 

range (˃ 50 nm), which is consistent with the increased average pore diameter (Table S1) and turther 157 

confirmed that Se modification optimizes the pore structure of GBC400 for Cd2+ diffusion. 158 

3.2 Characteristics of the original GBCs and Se-GBC400  159 

3.2.1 XRD Analysis 160 

The XRD patterns of unmodified GBCs and Se-GBC400 were shown in Fig. 2a. The unmodified 161 

GBCs exhibited broad diffraction peaks at lower angles (approximately 20-30° 2θ), indicative of a 162 

predominantly amorphous carbon structure, which provides a large number of aromatic ring structures 163 

for Cd2+ adsorption via π-Cd interactions. Distinct diffraction peaks were observed at 2θ = 29.4 °, 39.5 °, 164 

and 34.2 °, corresponding to crystalline calcium carbonate (CaCO3; PDF# 99-0022), the primary 165 

crystalline phase of GBC, and the intensity of these CaCO3 peaks increased with rising pyrolysis 166 

temperature, which is consistent with the increasing alkalinity of GBC (Table S1) (Qi et al., 2025). 167 

Following the modification of GBC400 to produce Se-GBC400, the broad diffraction signal of 168 

amorphous carbon was retained (ensuring the basic aromatic structure for adsorption), and new 169 

diffraction peaks at 2θ = 30.34 °, 32.54 °, and 35.98 ° were observed, corresponding to the crystalline 170 



phases of calcium selenide (CaSe; PDF# 18-0304) and selenium dioxide (SeO2; PDF# 22-1314). This 171 

demonstrates that Se not only remained in an ionic state on the GBC surface but also reacted with the 172 

inorganic components (e.g., CaCO3) of biochar to form distinct Se-containing crystalline compounds. 173 

The formation of CaSe and SeO2 not only increases the crystallinity of Se-GBC400 but also introduces 174 

a large number of Se-O functional groups on the biochar surface, which can provide additional active 175 

sites for Cd2+ complexation and precipitation, thus directly enhancing the chemical adsorption capacity 176 

of Se-GBC400 for Cd2+. 177 

3.2.2 FTIR Analysis 178 

FTIR spectrometry of GBCs before and after modification was performed in the wavelength range 179 

of 400-4000 cm-1 (Fig. 2b). The overall profile of functional groups was similar before and after 180 

modification, but notable changes in band intensities were observed, which directly reflect the variation 181 

of surface functional groups and their contribution to Cd2+ adsorption. 182 

For the unmodified GBC, as the pyrolysis temperature increased from 300°C to 500°C, the 183 

stretching vibration intensities of -OH (~3435 cm-1), C=C (~1622 cm-1), and C-O (~1141 cm-1) (Fan et 184 

al., 2025; Zhang et al., 2025), while the intensity of C-H stretching bands (~1419 cm-1 and 870 cm-1) was 185 

enhanced. This reduction in oxygen-containing functional groups is primarily attributed to dehydration, 186 

decarboxylation, and dehydroxylation reactions at high temperatures,and the increase in C-H bands 187 

indicates the enhanced aromaticity of GBC (Mei et al., 2021); This trend is consistent with the elemental 188 

analysis results (Table S1) of decreasing O content and increasing C content with rising temperature, and 189 

also explains the limited Cd2+ adsorption capacity of high-temperature pyrolyzed GBC500 despite its 190 

large specific surface area. 191 



Compared to GBC400, the spectrum of Se-GBC400 showed enhanced intensity for the bands 192 

corresponding to -OH (~3435 cm-1), C=C (~1622 cm-1), and C-H (~1419 cm-1), indicating that Na2SeO3 193 

modification not only increases the content of hydroxyl groups (a key OFGs for Cd2+ complexation) but 194 

also further enhances the aromaticity of GBC400 (favorable for π-Cd interactions). Furthermore, distinct 195 

shifts and enhanced intensities were observed in the peaks around 874 cm-1 and 579 cm-1,which suggest 196 

the formation of Se-O or Se-C bonds on the Se-GBC400 surface (Feng et al., 2022). The FTIR results 197 

confirmed that Na2SeO3 modification enriched the surface functional groups of GBC400 (including -OH, 198 

C-O, Se-O, and aromatic C=C), and these functional groups provide abundant active sites for 199 

complexation, ion exchange and π-Cd interacting with Cd2+, which is the core chemical reason for 200 

enhancing Cd2+ adsorption capacity of Se-GBC-400. 201 

3.2.3 XPS spectra Analysis 202 

The XPS survey spectra of GBCs before and after modification were shown in Fig. 2c. The spectra 203 

for unmodified GBC exhibited characteristic peaks at binding energies of approximately 285 eV(C1s), 204 

532 eV(O1s), and 400 eV(N1s) (Velez et al., 2025), with relative intensity follows the order C1s > O1s > 205 

N1s. Minor peaks corresponding to Ca2p, K2p, and Si2p are also visible, consistent with the inorganic 206 

ash components of the biochar. Notably, a distinct Se peak is absent from the survey spectrum of Se-207 

GBC400, which is attributed to the surface-sensitive nature of XPS (typical analysis depth of 5-10 nm), 208 

and the trace amount of Na2SeO3 (1:1500) that may have been incorporated into the biochar matrix below 209 

the immediate surface layer or was below the detection limit (Yan et al., 2024). Despite the absence of 210 

the Se peak, the relative signal intensities of C, O and N elements in the XPS survey spectrum changed 211 

significantly after modification, which can directly reflect the variation of surface functional groups of 212 

Se-GBC400. A comparison of the survey spectra indicates a decrease in the relative carbon signal and a 213 



concurrent increase in the oxygen signal for Se-GBC400 compared to GBC400, which directly confirmed 214 

the shift suggests an enrichment of OFGs on the surface of the modified biochar, aligning with the bulk 215 

elemental analysis (Table S1).  216 

To investigate the chemical bonding states in detail, high-resolution scans of the C1 s, O1s, and N 217 

1s regions were performed (Fig.3). The C1s spectra for all samples (Fig. 3a, b) were fitted with three 218 

primary components: the dominant peak at ~284.80 eV is assigned to graphite/sp2 C-C bonds; the peak 219 

at ~286.68 eV correspond to carbon singly bonded to oxygen (C-O, in hydroxyl and ether groups); and 220 

the peak at ~289.06 eV is attributed to carbonyl/carboxyl groups (O-C=O). The signals from potassium 221 

K2p3/2 (~293.05 eV) and K2p1/2 (~296.13 eV) are visible as a doublet on the high-binding-energy side of 222 

the C 1s region (Fig. 3e, f) (Liu et al., 2020). The deconvoluted O1s spectra (Fig. 3c, d) primarily consist 223 

of contributions from C=O (~531.5 eV) and C–O (~533.0 eV) bonds. The N1s spectra (Fig. 3e, f) were 224 

fitted with components for pyridinic N (~398.5 eV), pyrrolic N (~400.1 eV), and oxidized N (N-O, ~402-225 

403 eV) (Wu et al., 2023). For the unmodified GBC, the high-resolution data show that with increasing 226 

pyrolysis temperature, the relative contribution of C=O groups decreases while C-O groups increase (Fig. 227 

3a, c). This trend is attributed to decarboxylation reactions at higher temperatures. In contrast, the C1s 228 

spectrum of Se-GBC400 (Fig. 3b) shows a marked increase in the C-O component area compared to 229 

GBC400, confirming the successful surface enrichment with OFGs through Na2SeO3 modification. 230 

Corresponding increases in oxygenated and nitrogenated species are also seen in the O1s and N1s spectra 231 

of Se-GBC400 (Fig. 3d, f). These XPS results demonstrate that modification with Na2SeO3 effectively 232 

enhanced the population of OFGs on the biochar surface. This chemical modification increases the 233 

material's polarity and hydrophilicity, providing more active sites for complexation and ion exchange. 234 



Consequently, Se-GBC400 exhibits a superior capacity for Cd2+ adsorption compared to the unmodified 235 

biochars. 236 

3.3 Adsorption Performance of Pristine and Modified GBC 237 

3.3.1 Adsorption Kinetics 238 

The adsorption kinetic behavior of GBCs before and after modification is shown in Fig. 4a. For all 239 

samples,, the adsorption capacity increased rapidly during the initial stage, then gradually decelerated, 240 

and finally stabilized beyond 800 min (reaching equilibrium); Se-GBC400 exhibited the fastest 241 

adsorption rate and the highest equilibrium adsorption capacity among all tested biochars, which is 242 

directly related to its optimized pore structure (large average pore diameter) and enriched surface 243 

functional groups (OFGs and Se-O groups) as characterized in Sections 3.1 and 3.2. 244 

The two-staged adsorption behavior (rapid initial adsorption followed by slow adsorption until 245 

equilibrium) is consistent with other modified biochars (Ma et al., 2023). 246 

During the initial rapid stage (0~800 min), Cd2+ adsorption primarily occurred on the external 247 

surface of Se-GBC400, facilitated by the abundance readily accessible active sites and OFGs (e.g., -OH) 248 

that possess available lone electron pairs for rapid binding via both physical adsorption and surface 249 

complexation; as the surface sites were gradually occupied, the adsorption rate slowed, and the process 250 

became dominated by more stable chemisorption (e.g., ion exchange, π-Cd interactions) with Cd2+ 251 

diffusing into the internal pores of the biochar (Zhang et al., 2021). The superior fast-stage adsorption 252 

rate of Se‑GBC400 is attributed to its macroporous structure (low diffusion resistance) and high density 253 

of surface active sites, while the high equilibrium adsorption capacity is the result of the synergistic effect 254 

of physical adsorption and multiple chemical adsorption mechanisms. 255 



The kinetic data were fitted with PFO and PSO models. The correlation coefficients (R2) for the 256 

PSO model (0.9589, 0.9703, 0.9819, and 0.9769 for GBC300, GBC400, GBC500 and Se-GBC400, 257 

respectively) were consistently higher than those for the PFO model (0.9230, 0.9444, 0.9722, and 0.9417) 258 

(Table S2). Furthermore, the equilibrium adsorption capacities (Qe) predicted by the PSO model were 259 

closer to the experimentally measured values. These results indicated that the adsorption of Cd2+ onto 260 

GBCs (especially Se-GBC400) is predominantly governed by chemisorption, involving the sharing or 261 

exchange of electrons between the adsorbent and adsorbate (Huang et al., 2022). 262 

To further investigate the diffusion mechanisms and the rate-limiting steps, the experimental data 263 

were analyzed using the Intraparticle Diffusion Model (IPD) (Fig.  4b). The adsorption process can be 264 

divided into three distinct linear stages for all samples:(1) rapid surface diffusion (0~120 min), (2) slow 265 

internal diffusion (120~800 min), and (3) adsorption equilibrium (>800 min), with calculated rate 266 

constants following the order Kint1 > Kint2 > Kint3 (Table S3), a typical trend for adsorption processes 267 

(Zhou et al., 2025). Notably, the fitted IPD plots do not pass through the origin, confirming that while 268 

intraparticle diffusion is involved, it is not the sole rate-controlling step; surface adsorption and boundary 269 

layer effects also influence the overall kinetics (Ma et al., 2023). Se-GBC400 exhibited the highest rate 270 

constant in the rapid surface diffusion stage (Kint1=2.7134), significantly higher than unmodified GBS 271 

(GBC300:0.8534; GBC400:0.9586; GBC500:2.1805). which is direct evidence that Se modification 272 

enhances the surface adsorption rate of GBC400 for Cd²⁺, consistent with the characterization results of 273 

enriched surface functional groups and optimized pore structure. 274 

3.3.2 Adsorption Isotherms 275 

The adsorption isotherm for Cd2+ on GBCs before and after modification were presented in Fig. 4c. 276 

The adsorption capacities of all GBCs samples increased with rising initial Cd2+ concentrations until 277 



approaching saturation, with the order of maximum adsorption capacity determined as: Se-GBC400 278 

(24.52 mg/g) > GBC500 (22.34 mg/g) > GBC400 (22.34 mg/g) > GBC300 (13.05 mg/g). This order is 279 

consistent with the structural and chemical characteristics of the samples: GBC500 has a large specific 280 

surface area (physical adsorption advantage) but limited functional groups; Se-GBC400 has a slightly 281 

reduced surface area but an optimized pore structure and enriched functional groups (synergistic 282 

advantage of physical and chemical adsorption), resulting in the highest adsorption capacity. 283 

Based on the model fitting parameters (Table S4), the Langmuir model yields a higher R2 value for 284 

Se-GBC400 (0.9935) than the Freundlich model (0.9332), indicating that the adsorption of Cd2+ onto Se-285 

GBC400 follows monolayer adsorption behavior as the dominant mode, which is attributed to the 286 

relatively homogeneous distribution of adsorption sites on the Se-GBC400 surface (introduced by 287 

uniform Se modification). A similar isotherm pattern had also been reported for Fe(NO3)3·9H2O and 288 

MnSO4·H2O co-modified fruit peel biochar (FM-BC) in a previous study (Yang et al., 2022). In the 289 

Freundlich model, the 1/n value of Se-GBC400 (0.4472) is lower than those of unmodified GBCs 290 

(GBC300: 0.5109; GBC400: 0.5388; GBC500: 0.5425), which suggests that the modified biochar surface 291 

offers more favorable conditions for Cd2+ adsorption with lower heterogeneity. Combined with the 292 

kinetic results, the adsorption of Cd2+ onto Se-GBC400 is a monolayer chemisorption process with 293 

heterogeneous surface characteristics, involving both physical and chemical adsorption. 294 

3.3.3 Effects of Solution pH on Cd2+ Adsorption 295 

Solution pH is a critical factor influencing the adsorption behavior of Cd2+ by altering the biochar 296 

surface change and Cd2+ chemical form in solution (Fig. 5a). Under strongly acidic conditions (pH 2-4), 297 

the adsorption capacity of all samples are low, with Se-GBC400 still exhibiting superior performance 298 

compared to GBC300, GBC400 and GBC500; as the pH increased to the weakly acidic/neutral (pH 5-299 



7), the adsorption capacities increase significantly, and the performance advantage of Se-GBC400 300 

becomes most pronounced; in the near-neutral to weakly alkaline range (pH 7-9), Se-GBC400 reaches 301 

its maximum adsorption capacity (19.97 mg/g at pH 9), with a removal efficiency of 99.82%; at pH ≥10, 302 

the adsorption capacities of all four GBCs converge to nearly the same value. For Se-GBC400 303 

specifically, the Cd2+ adsorption capacity increased by 54.13% (from 9.16 mg/g at pH 2 to 19.97 mg/g 304 

at pH 9) with rising pH, a trend consistent with other biochar systems (Xu et al., 2024). The pH-305 

dependent adsorption behavior can be explained by two key factors:(1) Under highly acidic conditions, 306 

a high concentration of H+ ions competes with Cd2+ for binding sites on the biochar surface, protonating 307 

oxygen-containing functional groups(e.g., -COOH→-COOH2+) and suppressing complexation and ion 308 

exchange; (2) As the pH rises, the concentration of competing H+ decreases, the biochar surface 309 

deprotonates to form negative charges (e.g., -COO-), which enhances electrostatic attraction towards 310 

cationic Cd2+, and the decreased concentration of other competing cations (e.g., K+, Ca2+) in solution 311 

further favors Cd2+ uptake. The superior adsorption performance of Se-GBC400 under acidic conditions 312 

is attributed to its higher content of oxygen-containing and Se-containing functional groups, which have 313 

stronger complexation ability with Cd2+ and are less susceptible to protonation compared to unmodified 314 

GBCs. 315 

3.3.4 Effects of Adsorbent Dosage on Cd2+ Adsorption 316 

The effect of biochar dosage on Cd2+ adsorption is shown in Fig. 5b. As the dosage increased from 317 

0.05 g to 0.4 g, the Cd2+ removal rates for GBC300, GBC400, GBC500, and Se-GBC400 rose from 318 

52.08%, 55.32%, 51.69%, and 51.32% to 99.36%, 99.52%, 99.23%, and 99.52%, respectively; When 319 

the dosage was further increased from 0.4 g to 1.6 g, the removal efficiency stabilized near 100%, whili 320 

the adsorption capacity per unit mass of biochar exhibited a continuous decline. This inverse relationship 321 



between dosage and unit adsorption capacity is typical phenomenon in adsorption systems, attributed to 322 

two main factors (Zhang et al., 2023): (1) with a fixed initial Cd2+ concentration, the total number of 323 

adsorbate ions is limited; as more adsorbent is added, the available adsorption sites surpass the number 324 

of Cd2+ ions, leading to site underutilization; (2) At higher dosages, biochar particle aggregation and 325 

overlapping of active sites reduce the effective surface area available per unit mass, further decreasing 326 

the specific adsorption capacity Notably, at a dosage of 0.1 g (the optimal dosage for practical 327 

application), the adsorption capacity of Se-GBC400 for Cd2+ is significantly higher than that of the 328 

unmodified biochars, which confirms the practical application value of Se-GBC400 for Cd2+ 329 

remediation-its high unit adsorption capacity allows for lower dosage to achieve high removal efficiency, 330 

reducing the application cost of the adsorbent.  331 

3.4 Adsorption Mechanisms of Cd2+ by Se-GBC400 332 

The preceding results demonstrate that modification with Na2SeO3 increased both the average pore 333 

size and the surface concentration of OFGs in GBC400. Kinetics and isotherm analyses indicated that 334 

the adsorption of Cd2+ onto Se‑GBC400 was predominantly a monolayer chemisorption process. To 335 

further elucidate the underlying mechanisms, the products of GBC400 and Se‑GBC400 after Cd2+ 336 

adsorption were subsequently characterized by XRD, FTIR, and XPS. 337 

3.4.1 XRD Analysis of Cd2+ by GBC400 and Se-GBC400 338 

The XRD patterns of GBC400-Cd and Se-GBC400-Cd were presented in Fig. 6a. New diffraction 339 

peaks emerge at 2θ = 30.27 °, 36.33 °, and 49.91 ° in both samples, corresponding to the (104), (110), 340 

and (116) planes of crystalline CdCO3. Notably, a sharp peak at 23.63 ° confirms the formation of CdCO3 341 

on biochar surfaces, indicating that Cd2+ adsorption occurred, in part, via a precipitation mechanism. It 342 

was proposed that CaCO3, identified as a primary crystalline phase in the pristine biochars, reacted with 343 



Cd²⁺ in solution to form CdCO3, a mechanism supported by studies on other carbonate-rich modified 344 

biochars (Zhang et al., 2023). Intriguingly, the intensity of the CdCO3 diffraction peaks is lower for Se-345 

GBC400-Cd than for GBC400-Cd. Given that Se-GBC400 exhibited a significantly higher overall Cd2+ 346 

adsorption capacity (Fig. S1), this result strongly suggestd that precipitation as CdCO3 is not the 347 

dominant mechanism for the enhanced adsorption performance of the modified biochar. Instead, the 348 

superior adsorption capacity of Se-GBC400 is mainly due to the synergistic effect of surface 349 

complexation (via OFGs and Se-O groups) and ion exchange, which are enhanced by Na2SeO3 350 

modification, and the optimized macroporous structure that reduces Cd2+ diffusion resistance. 351 

3.4.2 FTIR Analysis of Cd2+ by GBC400 and Se-GBC400 352 

The FTIR spectra of GBC400 and Se-GBC400 before and after Cd2+ adsorption were shown in Fig. 353 

6b. Distinct changes in the spectra of Se-GBC400-Cd compared to GBC400-Cd highlight the influence 354 

of Na2SeO3 modification on the adsorption process. In the spectra of the pristine adsorbents, 355 

characteristic peaks were observed at: ~3435 cm-1 (-OH stretching of alcohols/phenols), ~1619 cm-1 356 

(C=O/C=C stretching of carbonyls/aromatics), ~1415 cm-1 (aromatic C=C skeletal vibrations), ~1146 357 

cm-1 (C-O stretching from lignocellulosic components), and ~873 cm-1 (aromatic C-H bending). 358 

Following Cd2+ adsorption, significant shifts and intensity changes occurred in these peaks. While 359 

changes in the -OH band were minimal, the C=O peak at ~1619 cm-1 exhibited marked weakening and 360 

broadening. This suggestd that Cd2+ preferentially interacts with carboxyl (-COOH) groups, forming 361 

stable Cd bound to oxygen (Cd-O) complexes and altering the carbonyl bond environment (Gao et al., 362 

2023). Concurrently, signifient shifts were observed for the C-O and aromatic C-H bands. These shifts 363 

can be attributed to the coordination of Cd2+ with oxygen lone pairs from OFGs to form Cd-O-C bonds, 364 

and to π-Cd interactions between Cd2+ cations and the π-electron cloud of aromatic C=C systems. The π-365 



Cd interaction perturbs the vibration of adjacent aromatic C-H bonds, accounting for the observed 366 

enhancement in the ~873 cm-1 band. 367 

A critical finding was the shift of the Se-O vibration from ~579 cm-1 in Se-GBC400 to ~616 cm-1 in 368 

Se-GBC400-Cd, accompanied by an increase in intensity. This provided a direct spectroscopic evidence 369 

that selenium-oxygen functional groups participate in binding Cd2+. The FTIR analysis revealed that Cd2+ 370 

adsorption onto Se-GBC400 involves a synergistic combination of mechanisms: surface complexation 371 

with carboxyl and other OFGs (C=O, C-O, Se-O), π-Cd interactions with aromatic structures, and likely 372 

cation-π interactions. 373 

3.4.3 XPS Analysis of Cd2+ by GBC400 and Se-GBC400 374 

The XPS survey spectra of the Cd-loaded biochars were shown in Fig. 6c. The appearance of a 375 

distinct Cd3d peak at a binding energy of approximately 406 eV confirms the successful adsorption of 376 

Cd2+ onto both GBC400 and Se-GBC400. The higher Cd3d peak intensity for Se-GBC400-Cd correlated 377 

with its superior adsorption capacity measured in batch experiments (Fig. 4). 378 

In the survey spectrum of Se-GBC400-Cd, a decrease in the K2p signal intensity was observed. 379 

This was consistent with an ion exchange mechanism, where Cd2+ ions from solution displace K+ ions 380 

from the biochar surface, a pathway documented in other biochar systems. That Cd2+ adsorption occurred 381 

via ion exchange with residual cations (e.g., K+, Mg+, Ca2+) present in pinecone and pine needle-based 382 

biochar (PRBs). This pathway made up 23.6% of the total Cd2+ adsorption capacity reported in their work 383 

(Park et al., 2019). The observed decrease in the K2p peak within the XPS survey spectrum of Se-384 

GBC400-Cd is likely attributed to an ion exchange reaction between Cd2+ and K+, resulting in a reduction 385 

of the K element within the Se-GBC400. 386 



High-resolution scans of the Cd3d region (Fig. 6d) provide further mechanistic insight. The 387 

spectrum was deconvoluted into two primary components. The peaks at approximately 406 eV and 413 388 

eV were assigned to Cd3d5/2 and Cd3d3/2, respectively, in an electronic environment indicative of π-Cd 389 

interactions (e.g., with aromatic structures in the biochar). The peaks at slightly higher binding energies 390 

(~407 eV and ~412 eV) correspond to Cd-O, suggesting complexation with surface functional groups. 391 

High-resolution scans of the Cd3d region (Fig. 6d) provide further mechanistic insight. The 392 

spectrum was deconvoluted into two primary components. The peaks at approximately 406 eV and 413 393 

eV were assigned to Cd3d5/2 and Cd3d3/2, respectively, in an electronic environment indicative of π-Cd 394 

interactions (e.g., with aromatic structures in the biochar). The peaks at slightly higher binding energies 395 

(~407 eV and ~412 eV) correspond to Cd-O, suggesting complexation with surface functional groups. 396 

Quantitative analysis of these components revealed that the proportion of Cd associated with π-397 

interactions increased from 43.96% in GBC400-Cd to 60.32% in Se-GBC400-Cd. This significant 398 

increase demonstrated that selenite modification enhanced the biochar's capacity for π-Cd interactions, 399 

which is a key factor in its improved performance. This trend aligned with findings for other modified 400 

biochars where π-interactions dominate Cd2+ uptake. In the findings reported that biochar produced 401 

through microwave pyrolysis of the poplar sawdust at temperatures from 400 to 800°C exhibited a similar 402 

peak in the Cd3d fine spectra after adsorbing Cd2+, and the π-Cd contribution reached 68.86% (Cheng et 403 

al., 2021). 404 

The high-resolution XPS spectra of the C1s, O1s, and N1s regions provide detailed evidence for the 405 

involvement of specific functional groups in Cd2+ adsorption (Fig. 7). After adsorption, significant 406 

changes were observed in the binding energies and relative peak areas of components such as C-O, C=O, 407 

and N-O in both GBC400-Cd and Se-GBC400-Cd. These changes indicated that OFGs, including 408 



carboxyl and hydroxyl groups, donate lone electron pairs to form coordination complexes with Cd2+. In 409 

the C1s spectra, a notable decrease in the K2p signal suggested that K+ ions were displaced from the 410 

biochar surface via ion exchange with Cd2+, corroborating the trend observed in the survey spectra. This 411 

mechanism was supported by similar findings in other biochar systems. (Huang et al., 2025). also 412 

observed a reduction in the peak area of K2p following the adsorption of Cd2+ by A. cochinchinensis 413 

straw biochar. (Tang et al., 2025) reported that after the adsorption of 2,4-D onto phosphoric acid and 414 

ammonia-modified biochar, the proportion of pyridinic nitrogen and pyrrolic nitrogen decreased. In the 415 

present study, after the adsorption of Cd2+ by Se-GBC400 and GBC400, the proportions of C=N and C-416 

N in the N1s spectrum of Se-GBC400 decreased much greater than that of GBC400. This observation 417 

suggested that the introduction of Na2SeO3 enhanced the lone electron pair of C=N in GBC400. As a 418 

result, the interaction between Cd2+ and the π-electrons of aromatic rings was strengthened through π-π 419 

interactions. The greater reduction in C=N and C-N contents in Se-GBC400 further indicated that Se 420 

modification promoted the participation of nitrogen-containing functional groups in Cd2+ adsorption. 421 

Compared to GBC400-Cd, Se-GBC400-Cd exhibited a greater increase in the peak area corresponding 422 

to OFGs. This suggested that more OFGs in Se-GBC400 were involved in the adsorption process. 423 

4 Conclusions 424 

This study successfully developed a selenite-modified biochar (Se-GBC400) from grapevine 425 

pruning waste, optimized at a pyrolysis temperature of 400°C with a Se: GBC mass ratio of 1:1500, for 426 

the efficient remediation of Cd2+ contamination. Characterization of the pristine and modified materials 427 

revealed a key trade-off: while Na2SeO3 modification slightly reduced the specific surface area, which 428 

significantly increased the average pore diameter to 54.47 nm, thereby enhancing pore accessibility for 429 

Cd2+ ions. More critically, the modification enriched the biochar surface with Se-O functionalities and 430 



amplified the intensity of existing surface functional groups such as -OH, -COOH, and CO3
2-. This 431 

engineered surface chemistry facilitated superior Cd2+ adsorption through a synergistic combination of 432 

mechanisms: ion exchange (evidenced by K+ displacement), surface complexation with oxygen 433 

functional groups, and π-Cd interactions with aromatic structures. Kinetic and isotherm analyses 434 

confirmed that the adsorption follows a monolayer chemisorption model on a heterogeneous surface.  435 

This work demonstrated a dual-value strategy for sustainable agriculture. It transformed orchard 436 

waste into a high-value adsorbent for heavy metal remediation while simultaneously introducing the 437 

essential trace element selenium into the water environment. The approach of loading trace amounts of 438 

selenium onto biochar presents a promising pathway for the integrated resource recovery of agricultural 439 

by-products and water quality amendment. 440 
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 600 

Figure captions 601 

Fig.1 SEM images of GBCs (a. GBC300; b. GBC400; c. GBC500; d. Se-GBC400). 602 

Fig.2 XRD Patterns (a), FTIR Spectra (b), and XPS Survey Spectra (c) of GBCs before and after 603 

modification. 604 
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Fig.3 High-resolution spectra of C1s (a,b), O1s (c,d) and N1s (e,f) of GBCs before and after 605 

modification. 606 

Fig.4 Fitting results of adsorption kinetics (a), intra-particle diffusion (b), and adsorption isotherms (c) 607 

for GBC before and after modification. 608 

Fig.5 Adsorption capacity and removal rate of Cd2+ by GBCs under different parameters before and 609 

after modification (a. Different initial pH values of the solution; b. Different dosages of GBCs). 610 

Fig.6 XRD spectrum (a), FTIR spectrum (b), XPS spectrum (c) and Cd3d spectra (d) before and after 611 

Cd2+ adsorption of GBC400 and Se-GBC400. 612 

Fig.7 Se3d spectra (a), C1s spectra (b), O1s spectra (c), and N1s spectra (d) of GBC400 and Se-613 

GBC400 after adsorption.614 
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