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8 Abstract

9 Chromium (Cr), a redox-active heavy metal, induces oxidative stress in plants by generating 

10 reactive oxygen species (ROS) such as hydrogen peroxide, superoxide anion, and hydroxyl 

11 radicals, which reduce plant productivity and yield. This study evaluated the potential of biochar 

12 (BC) derived from apricot kernel shells to alleviate Cr toxicity in Brassica juncea. The BC was 

13 characterized as amorphous, alkaline (pH 7.84), with a zeta potential of –22.3‐mV, and elemental 

14 composition of C (60.70%), O (29.58%), H (2.65%), and N (0.77%). FTIR analysis revealed 

15 multiple oxygen-containing functional groups, suggesting its capacity to reduce Cr mobility. The 

16 alkaline nature and porous structure of the BC further support its immobilization potential.

17 Seeds of B. juncea were germinated in soil treated with 0.5‐mM and 0.75‐mM Cr, with or 

18 without 1% BC (10‐g/kg soil). Cr exposure significantly reduced photosynthetic pigments, with 

19 total chlorophyll declining by 30.8–49.1% and carotenoids by 25.7–50% compared to control, 

20 while pheophytin content increased by 13.9–45.3%. Application of BC improved chlorophyll 

21 content and reduced pheophytin accumulation. Secondary metabolites and osmolytes were 

22 enhanced under BC and stress treatments, with total phenols increased by up to 45% and total 

23 carbohydrates by up to 34%. Growth and germination parameters were also negatively affected by 

24 Cr, but BC treatment effectively mitigated these effects, improving root and shoot development.

25 Overall, apricot kernel shell–derived BC alleviated Cr phytotoxicity by reducing metal availability 

26 and enhancing plant growth, photosynthetic performance, and metabolic activity. These findings 

27 highlight its potential as an eco-friendly and sustainable strategy for mitigating heavy metal stress 

28 in plants
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30 1.Introduction

31 In recent times, the decline in agricultural productivity due to diverse environmental stresses has 

32 posed a significant challenge for plant scientists, compelling them to develop effective strategies 

33 to minimize crop losses (Al-Huqail et al., 2020b). Plant growth and development are highly 

34 susceptible to abiotic stresses, which disrupt key morphological, biochemical, and physiological 

35 processes. From germination to maturity, such stresses including heavy metals, extreme 

36 temperatures, salinity, drought and waterlogging pose serious constraints on plant performance, 

37 ultimately reducing growth and yield (Akram et al., 2020; Al-Huqail et al., 2020a, 2020b). 

38 Recently, Cr has emerged as a critical environmental contaminant, driven largely by unsustainable 

39 agricultural practices, uncontrolled industrial effluent discharge, and the extensive use of biosolids, 

40 posing serious ecological and agricultural threats (Devi et al., 2024). Chromium exists in multiple 

41 forms in soil, with hexavalent (Cr(VI)) and trivalent (Cr(III)) species being the most stable and 

42 prevalent (Srivastava et al., 2021). Owing to its higher water solubility, Cr becomes more 

43 bioavailable to plants (Gupta et al., 2020). Among its oxidation states, Cr(VI) is particularly 

44 hazardous, as it readily penetrates plant roots and induces oxidative damage to vital cellular 

45 structures (Askari et al., 2021; Kushwaha et al., 2020). Even at trace levels, Cr(VI) can disrupt 

46 nutrient and water uptake, leading to nutrient deficiencies in shoots (Bashir et al., 2020). Oxidative 

47 damage to root tissues further enhances passive entry of Cr(VI), allowing its translocation to 

48 shoots, where it impairs the mitochondrial and photosynthetic systems. Being a strong oxidant, 

49 Cr(VI) disrupts photophosphorylation, induces lipid peroxidation, and triggers excessive 

50 generation of ROS (Sajad et al., 2020). Due to its structural similarity to sulfate (SO‐²‐), CrO‐²‐ 

51 is readily transported into cells via sulfate transporters (Ksheminska et al., 2005), where it reacts 

52 with antioxidants such as ascorbate (ASA) and glutathione (GSH), generating harmful free 

53 radicals. The resulting ROS including singlet oxygen, superoxide, hydroxyl radicals (•OH), and 

54 hydrogen peroxide (H‐O‐) (Qamer et al., 2021) can damage DNA–protein complexes, leading 

55 to genotoxicity and cytotoxicity (Shanker, 2019). Such adverse effects of Cr(VI) exposure have 

56 been widely reported in plants like rice, bush bean, mung bean, mustard, spinach and tomato (Devi 

57 et al., 2024; Wakeel et al., 2020; Sehrish et al., 2019). Hence, the challenge of Cr contamination, 

58 which hampers agricultural productivity worldwide, has drawn considerable scientific attention. 
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59 Several conventional techniques, including ion exchange, membrane filtration, precipitation and 

60 coagulation have been employed for the removal of Cr from wastewater (Peng and Guo, 2020). 

61 However, their large-scale application is often limited due to inconsistent results and the high 

62 operational costs associated with these processes (Peng and Guo, 2020; Ai et al., 2018). Recently, 

63 there has been growing interest in using low-cost materials as adsorbents (Turan et al., 2018). One 

64 such material is BC which is a carbon-rich pyrogenic material produced by the thermal 

65 decomposition of organic matter in an oxygen-limited environment (Ali et al., 2018). It is primarily 

66 derived from feedstocks such as agricultural residues, animal waste, and woody biomass (Rizwan 

67 et al., 2018, 2016). Also, by enhancing various key properties of soil, such as its water-holding 

68 capacity, organic matter content, cation exchange capacity, pH and microbial activity BC functions 

69 as an effective soil conditioner (Wei et al., 2019; Rizwan et al., 2018). Owing to its abundant 

70 functional groups, minerals, π-electrons, porous structure and organic matter content, BC regulates 

71 Cr bioavailability and stability in soil through multiple mechanisms such as electrostatic 

72 interactions, cation exchange, precipitation and complexation (Haider et al., 2022; Wang et al., 

73 2021). Notably, oxygen-containing functional groups, including hydroxyl, carboxyl, and phenolic 

74 groups on the BC surface, can effectively bind with soil pollutants (Azeem et al., 2022). 

75 Furthermore, the large surface area, high porosity, and well-organized carbon framework of BC 

76 (Tomczyk et al., 2020) enable it to act as a potent sorbent for pollutants via complexation (Ambaye 

77 et al., 2021). This is facilitated by the presence of acidic functional groups (carboxylic, carbonyl, 

78 lactone, hydroxyl, and phenol) and basic functional groups (ketone and chromene) (Choppala et 

79 al., 2016). Additionally, BC can promote the precipitation of Cr by interacting with soil minerals 

80 such as carbonates, oxides, and phosphates (Al-Wabel et al., 2015; Lu et al., 2012). Prior studies 

81 have also highlighted the ability of BC active sites, such as carboxylic acid (−COOH), carbonyl 

82 (−C=O), and inorganic ions (e.g., PO‐³‐), to bind toxic metals, thereby reducing their mobility 

83 in soil (Liang et al., 2021; Duwiejuah et al., 2020). Collectively, these attributes underscore BC 

84 effectiveness as both an environmental adsorbent and a stabilizing agent for organic and inorganic 

85 soil contaminants (Ai et al., 2018). Moreover, BC possesses the ability to reduce Cr(VI) to its less 

86 toxic trivalent form, Cr(III), further mitigating its environmental hazards (Mandal et al., 2017). In 

87 addition to these mechanisms, several studies have demonstrated the practical effectiveness of BC 

88 in contaminated soils. For example, bamboo BC application in mine-polluted soils improved soil 

89 physicochemical properties and reduced the bioavailability and uptake of toxic metals, thereby 
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90 enhancing antioxidant defense and biomass accumulation in Brassica juncea (Emamverdian et al., 

91 2024).  Similarly, kenaf BC effectively mitigated HM stress and enhanced phytoremediation in 

92 Cannabis sativa. The BC exhibited strong chemisorption capacity in a multi-metal system, 

93 particularly for Cd²‐ and Zn²‐, which significantly reduced their bioavailability in soil (Pan et 

94 al., 2025). The application of BC prepared from eucalyptus n bamboo (Sasa 

95 kongosanensis f. aureo-striatus) under copper stress enhanced the plant defense system by 

96 stimulating antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), peroxidase 

97 (POD), and phenylalanine ammonia-lyase (PAL), along with improving the efficiency of the 

98 glyoxalase detoxification pathway. It also promoted the accumulation of osmolytes, particularly 

99 proline and glycine betaine, which contributed to osmotic balance and protection against oxidative 

100 stress. Consequently, oxidative damage was alleviated. Furthermore, the treatments improved 

101 photosynthetic pigment content, gas-exchange attributes, and plant water status, while 

102 simultaneously reducing copper translocation and bioaccumulation in plant tissues (Emamverdian 

103 et al., 2025). Another, popular ameliorator among researchers is nanoparticles, they help plants in 

104 scavenging excessive ROS induced by heavy metal (HM) stress by increasing the activity of 

105 antioxidative enzymes and can reduce the accumulation and uptake of HMs (Emamverdian et al., 

106 2025; Huang et al., 2025). Nanoparticles mainly act inside plants however BC immobilizes HM in 

107 soil, thereby reducing their bioavailability before plant uptake (Shah and Aslam, 2025; Ghandali 

108 et al., 2024; Gong et al., 2022). Biochar being aromatic in nature is highly stable and remain 

109 effective for hundreds or thousands of years but nanoparticles may transform, dissolve, or leach, 

110 reducing long-term effectiveness (Irumva et al., 2025; Schmidt et al., 2022). Considering the 

111 documented benefits of BC in regulating Cr bioavailability and stability in soil, as well as 

112 enhancing plant growth and development under Cr stress, we propose using apricot shell-derived 

113 BC to mitigate Cr toxicity in Brassica juncea L. seedlings which was assessed by evaluating 

114 various growth and biochemical parameters. Based on this, the present study was designed with 

115 the following objectives:

116  To prepare and characterize BC from the apricot kernel shells.

117  To investigate the effect of BC on the growth parameters of Cr-stressed Brassica juncea 

118 L.

119  To investigate the effect of BC on the physiological parameters of Cr-stressed Brassica 

120 juncea L.
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121 2. Materials and Methods

122 2.1. Biochar Preparation Process 

123 The raw material used for the preparation of BC was apricot (Prunus armeniaca L.) kernel shells, 

124 procured from the Kargil district of UT Ladakh. The apricot shells were washed with distilled 

125 water and allowed to dry naturally. The dried shells were then pyrolyzed in a single-screw 

126 pyrolysis reactor at a temperature of 500-550°C for 3-4 minutes (residence time). The black residue 

127 (BC) obtained after pyrolysis was allowed to cool, finely ground, and subsequently passed through 

128 a 0.5 mm mesh before application (Figure 1).

129

130 Figure 1: Preparation of biochar from the Apricot Kernel shells

131 2.2. Characterization of Biochar

132 The percentage yield of BC after pyrolysis was calculated as the ratio of the produced BC mass to 

133 the initial biomass, (Yield (%) = Weight of BC / weight of biomass × 100) (Sahoo et al., 2021) 

134 which was 40%.

135 For proximate analysis, 1g BC was combusted for 2 hrs at 800°C ± 20°C, and the residual mass 

136 percentage was determined as the ash content. Fixed carbon content was estimated by calculating 

Apricot Kernel shells Single Screw Pyrolysis Reactor Biochar

Pestle mortar for grindingSieved biochar powder , ready for application
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137 the difference between the BC total dry weight and the combined proportions of ash and volatile 

138 matter. The volatile matter content was measured by recording the mass loss of a 1.0 g BC sample 

139 after combustion in a muffle furnace at 850°C for 1 minute. The oven dried (80°C) and finely 

140 powdered BC samples were further analyzed using elemental analyzer (Thermo Scientific, Flash 

141 2000) to estimate the percentage of C, H, N. The amount of oxygen in the sample was calculated 

142 by subtracting total percentage of carbon, nitrogen, hydrogen, sulphur and ash from 100 (Castan 

143 et al., 2019). 

144 Fourier-transform infrared (FTIR) spectroscopy analysis was conducted on the apricot kernel shell 

145 BC sample produced at 500°C. The spectra of FTIR were obtained using Shimadzu-FTIR and then 

146 the measurements were performed on the dry powdered samples. High-quality spectral lines, were 

147 recorded between 4000 and 400 cm‐¹ and to estimate the surface area, pore volume and diameter, 

148 Brunauer-Emmett-Teller (BET) surface analyzer was used. Furthermore, SEM-EDS was also 

149 conducted to characterize the surface morphology and elemental composition of the prepared BC.

150 2.3. Experimental design

151 The experiment was conducted under in-vitro conditions at 25 ± 2°C with a 16-hours photoperiod. 

152 A total of six treatments, each with three replicates were included: Control, M1, M2, BC, BC+M1 

153 and BC+M2 (Table 1). HM stress was induced using potassium chromate (K‐CrO‐) as a source 

154 of hexavalent chromium [Cr(VI)]. The Cr concentrations used in this study were selected based 

155 on IC50 (0.5 mM) and IC75 (0.75 mM) values (supplementary material, Table S1; Figure S1), 

156 which were determined from preliminary toxicity experiments by evaluating the inhibition of root 

157 elongation in seedlings exposed to different Cr concentrations. Biochar was applied at a rate of 1% 

158 (10 g kg‐¹ soil), on the bases of preliminary trials against 0.5 mM Cr in which this concentration 

159 was found to be effective in alleviating Cr-induced toxicity, particularly in terms of root length 

160 reduction in Brassica juncea L. seedlings.

161 Brassica juncea L. seeds, obtained from Punjab Agricultural University, Ludhiana, Punjab, India, 

162 were surface-sterilized with 0.24% sodium hypochlorite prior to sowing. Seedlings were harvested 

163 after 10 days, thoroughly rinsed with distilled water, and processed for further analyses.

164

165
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166 Table 1: Various Treatments and their concentration used in the study

S.NO. Treatments Biochar Cr VI

1. Control 0 0

2. M1 0 0.5mM

3. M2 0 0.75mM

4. BC 1% 0

5. BC+M1 1% 0.5mM

6. BC+M2 1% 0.75mM

167

168 2.4. Growth Analysis

169 At the end of each harvest, the seedlings were uprooted, cleansed with tap water to remove residual 

170 debris, and finally rinsed with distilled water. Subsequently, various parameters were analyzed.

171 2.4.1. Fresh Weight, Dry Weight and Moisture content

172 The fresh weights (g) of the seedlings were determined using a digital balance in the laboratory, 

173 while the method proposed by Wolf et al. (1997) was followed to determine dry weight and 

174 moisture content of the seedling. The weight of an empty evaporating dish was recorded, after 

175 which fresh plant material was added and the combined weight was noted. The dish containing the 

176 sample was then oven-dried at 102–105 °C for 16 hours. Once dried, the dry weight of the 

177 seedlings was measured. The recorded fresh and dry weights were subsequently used to calculate 

178 the moisture content of the seedlings using the following formula:

179 Moisture Content (%) = (weight of wet sample + evap.  dish) - (weight of dry sample + evap.  dish)
(weight of wet sample + evap.  dish ) - (weight of empty evap.  dish)

180  ×  100 

181 2.4.2. Root Length and Shoot Length

182 At the time of harvest, shoot and root lengths (cm) were measured using a centimeter scale. 

183 2.4.3. Stress Tolerance Index

184 Various stress tolerance indices were determined to assess plant performance under stress 

185 conditions. These included the shoot height stress tolerance index (SHSTI), root length stress 
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186 tolerance index (RLSTI), and stress tolerance indices for total fresh weight (FWSTI) and dry 

187 weight (DWSTI), which were computed using the respective formulas provided by Abdelhameed 

188 and Metwally, (2025).

189 DWSTI(%) = Dry weight of treated plants
Dry weight of untreated plants × 100

190 FWSTI(%) = Fresh weight of treated plants
Fresh weight of untreated plants × 100

191 SHSTI(%) = Shoot height of treated plants
Shoot height of untreated plants × 100

192 RLSTI(%) = Root length of treated plants
Root length of untreated plants × 100

193 2.4.4. Germination Percentage

194 The germination percentage was estimated using the Close & Wilson (2002) method. 

195 Germination percentage = Number of seeds germinated
Total no. of seeds sown  × 100

196 2.4.5. Seedling vigor index 

197 Seedling vigor index for seedling height was calculated using Bina and Bostani, (2017) standard 

198 formula. The length of the seedlings in centimeters was multiplied by the germination % to 

199 calculate the Seedling vigor index 

200 Seedling vigor index = seedling length (cm) × seed germination percentage

201 2.4.6. Germination Mean Time

202 The formula proposed by Ellis and Roberts (1981) was used to calculate the germination mean 

203 time.

204 Germination Mean Time = ∑(ni × ti)
∑ni  

205 Where,

206 ni = no. of seeds germinated on day i.
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207 ti = time in days from the start of experiment to day i

208 ∑ni = Total no. of seeds germinated over the entire period 2.5. Photosynthetic Pigments 

209 Content

210 2.5.1. Chlorophyll Content 

211  The methodology proposed by Lichtenthaler (1987) was followed for the estimation of 

212 chlorophyll content. Fresh plant tissue about 1g was homogenized in acetone (80%) using a chilled 

213 mortar and pestle to preserve pigment integrity. The resulting homogenate was then subjected to 

214 centrifugation at 4°C for 20 minutes at 13,000 rpm (or ≈ 11,336 × g). Following centrifugation, 

215 the clear supernatant was carefully collected and its absorbance was recorded at wavelengths of 

216 647 nm and 663 nm using a UV-Vis spectrophotometer.

217 2.5.2. Total Carotenoid

218 Methodology of Maclachlan and Zalik (1963) was followed to determine the Total carotenoid 

219 content. 1g of fresh plant material was finely ground with 80% acetone in a pre-chilled mortar and 

220 pestle to ensure effective pigment extraction. The homogenized mixture was then centrifuged at 

221 13,000 × g for 20 minutes at 4°C. After centrifugation, the clear supernatant was collected, and its 

222 absorbance was measured at 480 nm and 510 nm using a UV-Visible spectrophotometer to analyze 

223 pigment content.

224 2.5.3. Pheophytin Content

225 The methodology proposed by Lichtenthaler (1987) was followed for the estimation of pheophytin 

226 content. Briefly, fresh plant material (1 gram) was thoroughly ground in a chilled mortar and pestle 

227 using 80% acetone as the extraction solvent. The homogenate was centrifuged at 5,000 rpm (or ≈ 

228 1,677 × g) for 15 minutes at 4°C. After centrifugation, the supernatant was carefully collected and 

229 25% HCl was added to it. The absorbance of the final reaction mixture was then measured at 653 

230 nm and 665 nm to assess pigment content.

231

232

233
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234 2.6. Secondary Metabolites

235 2.6.1. Phenol content

236 The procedure outlined by Singleton and Rossi, (1965) was followed for the analysis of the total 

237 phenol content in the seedlings of Brassica juncea. Around 0.5 grams of the dry sample was 

238 pulverized using 60% ethanol and kept in a water bath (65°C) for 10-15 minutes. The homogenate 

239 was filtered using whatman no.1 filter paper and then the volume was raised to 100 ml by adding 

240 60% ethanol followed by mixing 2ml of the mixture with Folin-Ciocalteu reagent and sodium 

241 carbonate. The resulting mixture was then incubated for 2 hours and the optical density was noted 

242 at 765 nm. 

243 2.6.2. Anthocyanin Content

244 To determine the anthocyanin content, 1 gram of the fresh seedlings were subjected to crushing in 

245 3 ml of acidified methanol by following the methodology of Mancinelli, (1990). The homogenate 

246 was then centrifuged for 25 minutes at 12000 rpm (or ≈ 9,659 × g) followed by recording the 

247 absorbance at 530 nm and 657 nm.

248 2.6.3. Flavonoid content

249 By following the methodology of El Far and Taie, (2009) total flavonoid content was estimated. 

250 Briefly, 100 mg of sample was crushed with the help of mortar and pestle using 4 ml of absolute 

251 methanol, after which the homogenate was centrifuged (13000 rpm or ≈ 11,336 × g, 4°C, 20 

252 minutes). The supernatant (1.5 ml) was mixed with equal volume of 2% AlCl3 (2 g in 100 ml 

253 methanol). The resulting solution was shaken vigorously and incubated for 10 minutes followed 

254 by measuring the absorbance at   367 nm. 

255 2.7. Osmolyte

256 2.7.1. Total Carbohydrate

257 To estimate the content of total carbohydrate 0.1 gram of oven dried sample was immersed in 5 

258 ml of 2.5N HCl for 3 hours in a boiling water bath by following the methodology of Hedge, (1962). 

259 The sample was then cooled, neutralized using Na2CO3 and volume was raised to 100 ml followed 

260 by centrifugation. To 1 ml of the sample 4 ml of the anthrone reagent was added and the solution 
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261 was again heated for 8 minutes after which the samples were cooled and absorbance was recorded 

262 at 630 nm.

263 2.7.2. Trehalose

264 The methodology of Trevelyn and Harrison, (1956) was followed to analyze the content of 

265 trehalose in the seedlings of Brassica juncea. 500 mg of the dried sample was homogenized in 

266 80% ethanol. The resulting homogenate was subjected to centrifugation for 10 minutes at 5000 

267 rpm (or ≈ 1,677 × g), 4°C. To the supernatant (0.1 ml), 2 ml of trichloroacetic acid and 4 ml of 

268 anthrone was added after which absorbance was recorded at 620 nm.

269 2.7.3. Proline

270 The methodology of Bates et al. (1973) was used for the estimation of proline content 

271 spectrophotometrically at 520 nm. 500 mg of fresh seedlings were homogenized using 3% 

272 sulfosalicylic acid and then the homogenate was centrifuged (12 min and 13,000 rpm or ≈ 11,336 

273 × g). To the supernatant an equal volume of ninhydrin and glacial acetic acid was added the 

274 reaction mixture was then heated at 95 ± 5 °C. After 1 hour the reaction was terminated by placing 

275 the test tubes in ice-bath followed by the incorporation of toluene.

276 2.8. Statistical Analysis

277 The data were statistically analyzed using IBM SPSS statistics version 25 software. All 

278 experiments were performed in triplicate, and results are presented as mean ± standard deviation. 

279 One-way analysis of variance (ANOVA) was used to determine significant differences among 

280 treatments, followed by Tukey’s multiple comparison test for mean separation. Statistical 

281 significance was considered at p ≤ 0.05.

282 3. Results 

283 3.1. Characterization of Biochar

284 Various physical and chemical properties of BC were analyzed using standard protocols. The BC 

285 prepared from apricot kernel shell at a pyrolysis temperature of 500–550 °C exhibited a pH of 

286 7.84, EC of 0.223 dS/m, 0.563% N, H/C ratio of 0.442, and O/C ratio of 0.192. It also contained 

287 6.3% ash and 9.27% volatile matter (Table 2). The observed physicochemical characteristics are 

288 strongly influenced by the applied pyrolysis temperature. At 500–550 °C, substantial thermal 
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289 degradation of labile components such as hemicellulose and cellulose occurs, leading to increased 

290 carbonization, reduced volatile matter, and enrichment of mineral ash content. This explains the 

291 relatively low volatile matter and moderate ash content, along with the slightly alkaline pH due to 

292 the accumulation of basic mineral constituents.

293 The elemental composition, particularly the low H/C (0.442) and O/C (0.192) ratios, indicates an 

294 increased degree of aromaticity and structural stability, which is characteristic of BC produced at 

295 intermediate to high temperatures. These ratios suggest the formation of condensed aromatic 

296 carbon structures through dehydration and decarboxylation reactions during pyrolysis, enhancing 

297 the recalcitrance and persistence of BC in soil systems.

298 Fourier-transform infrared spectroscopy (FTIR) analysis revealed that the BC displayed a variety 

299 of absorption bands at different wavelengths. The FTIR spectrum (Figure 2) showed characteristic 

300 peaks corresponding to key functional groups. The broad band at 3418 cm‐¹ corresponded to O–

301 H stretching (Zhang et al., 2022), while peaks at 2923 and 2852 cm‐¹ were attributed to –CH‐ 

302 and –CH‐– groups of long-chain saturated alkanes (Zhang et al., 2022). A distinct absorption at 

303 1733 cm‐¹ represented C=O stretching of carbonyl groups (Younis et al., 2017). The bands at 

304 1462 and 1377 cm‐¹ were linked to C=C vibrations of aromatic rings and C–H bending of alkyl 

305 groups, respectively (Zahra et al., 2024). Additionally, the peak at 1417 cm‐¹ indicated O–H 

306 bending vibrations of alcohols (Hussain et al., 2025), and the band at 978 cm‐¹ corresponded to 

307 C=C vibrations of alkenes (Hussain et al., 2025). These functional groups suggest that, despite 

308 pyrolysis at 500–550 °C, a fraction of oxygen-containing groups is retained, which can play a 

309 crucial role in metal adsorption through surface complexation and electrostatic interactions.

310 Figure 3 represents the X-ray diffraction (XRD) pattern of apricot kernel shell-derived BC. The 

311 results show no sharp crystalline peaks; however, diffraction peaks at 2θ = 9.8° and 22.7° are 

312 attributed to the (002) planes of amorphous carbon, indicating a disordered structure (Mokubung 

313 et al., 2024; Masuku et al., 2024). A minor peak at 2θ = 43.0° corresponds to the (100) plane of 

314 graphitic carbon, suggesting the presence of a small fraction of graphitized domains. This partial 

315 structural ordering is consistent with pyrolysis in the 500–550 °C range, where complete 

316 graphitization does not occur but initial development of graphitic structures begins.

317 Furthermore, the FESEM micrographs (Figure 4 and Table 3) show a heterogeneous and porous 

318 structure, which is a characteristic outcome of pyrolysis at this temperature range. The irregular 
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319 surface morphology and well-developed pore networks are formed due to the release of volatile 

320 compounds during thermal decomposition. The formation of such pores enhances the surface 

321 heterogeneity and provides active sites for adsorption processes.

322 Surface area analysis further indicated a pore volume of 0.004 cm³/g, a Brunauer–Emmett–Teller 

323 (BET) surface area of 1.387 m²/g, and an average pore diameter of 1.8 nm, suggesting the presence 

324 of predominantly microporous structures. Although higher pyrolysis temperatures generally 

325 increase surface area, the relatively low BET value observed here may be due to pore blockage or 

326 collapse caused by tar deposition during pyrolysis. Nevertheless, the developed porosity, as 

327 confirmed by FESEM, is sufficient to support adsorption and immobilization processes.

328 The zeta potential of −22.3 mV indicates a negatively charged surface, which can be attributed to 

329 the presence of residual oxygen-containing functional groups. This negative surface charge 

330 enhances the electrostatic attraction of positively charged metal ions, thereby improving the 

331 adsorption capacity of BC.

332 Overall, the pyrolysis temperature of 500–550 °C resulted in BC with a balanced combination of 

333 aromatic stability, residual functional groups, and porous structure. These characteristics are 

334 particularly advantageous for environmental applications, especially in the immobilization of 

335 heavy metals, as they provide both structural stability and reactive surface sites.

336 Table 2: Physicochemical Characteristics of Biochar

S.NO. Physicochemical Characteristics Units BC

1. pH (1:25) - 7.84

2. EC (1:25) dS/m 0.223

3. Volatile matter % 9.27

4. Ash Content % 6.3

5. Total Carbon % 60.703

6. Hydrogen % 2.649

7. Oxygen % 29.582

8. Nitrogen % 0.766

9. H/C - 0.442

10. O/C - 0.192
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11. Surface area m²/g 1.387‐

12. Pore volume cm³/g 0.004‐

13. Pore diameter nm 1.8‐

14. Zeta potential mV -22.3 

337

338

339 Figure 2: FTIR and CHN spectra of biochar

340

341

342

343

344

345

346

347

348 Figure 3: XRD spectra of apricot shell-derived biochar
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349

350 Figure 4: FESEM-EDS images of apricot shell-derived biochar

351 Table 3: Elemental composition of apricot shell-derived biochar from Energy -dispersive X-

352 ray spectroscopy (EDS)

Composition

Biochar Carbon 

(%)

Oxygen 

(%)

Potassium 

(%)

Calcium 

(%)

Zirconiu

m (%)

Iron 

(%)

Silicon 

(%)

75.99 16.72 2.69 0.68 1.04 2.01 0.87

353

354 3.2. Influence of Biochar on Growth Attributes of Brassica juncea Seedlings under Cr Stress

355 Biochar application significantly improved all growth attributes of Cr-stressed Brassica juncea 

356 seedlings (p ≤ 0.05; Figure 5a, b). The most pronounced effect was observed in the BC alone 

357 treatment, which showed a significant increase in root length (24.75%), shoot length (35.91%), 

358 fresh weight (57.12%), and dry weight (133.3%) compared with the Control. In contrast, Cr only 

359 treatments (M1 and M2) exhibited a significant reduction in all growth parameters, with M2 

360 showing significantly lower values than the Control, indicating severe phytotoxic effects. 

361 However, the combined application of BC with Cr significantly alleviated this toxicity, as BC+M1 

362 and BC+M2 showed significantly higher growth compared to their respective Cr-only treatments. 

363 Notably, BC+M1 was statistically at par with the Control for several growth parameters, indicating 
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364 effective mitigation under moderate stress, whereas BC+M2, although significantly improved over 

365 M2, remained lower than the Control. A similar trend was observed for moisture content, which 

366 decreased under Cr stress but significantly improved upon BC application. Furthermore, the stress 

367 tolerance indices, including SHSTI, RLSTI, FWSTI, and DWSTI, were significantly higher in BC-

368 amended treatments compared to Cr-only treatments, confirming the protective role of BC in 

369 reducing Cr-induced phytotoxicity and improving overall plant performance. (Table 4). 

370

371

Figure 5a: Effect of Biochar (BC) on (a) Shoot Length (b) Root length in 10 days old Brassica 
juncea seedlings under chromium (M1 and M2) stress. Bars represent mean ± standard error of 
three replicates. Different letters above the bars indicate statistically significant differences 
among treatments according to Tukey’s HSD test at p < 0.05; bars sharing the same letter are not 
significantly different.

Figure 5b: Effect of Biochar (BC) on (a) Fresh Weight (b) Dry Weight (c) Moisture Content in 
10 days old Brassica juncea seedlings under chromium (M1 and M2) stress. Bars represent mean 
± standard error of three replicates. Different letters above the bars indicate statistically significant 
differences among treatments according to Tukey’s HSD test at p < 0.05; bars sharing the same 
letter are not significantly different.
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372 Table 4: Effect of various treatments on the dry weight stress tolerance index (DWSTI), fresh 
373 weight stress tolerance index (FWSTI), shoot height stress tolerance index (SHSTI), and root 
374 length stress tolerance index (RLSTI) of Brassica juncea seedlings. Values are presented as 
375 mean ± standard error of three replicates. Different letters indicate statistically significant 
376 differences among treatments according to Tukey’s HSD test at p < 0.05; values sharing the 
377 same letter are not significantly different.

Treatments DWSTI

(%)

FWSTI

(%)

SHSTI

(%)

RLSTI

(%)

Control - - - -

M1 61.11±5.56b 81.40±5.66ab 61.07±3.67b 77.34±3.33c

M2 30.56±2.78a 67.07±5.08a 26.26±2.49a 18.13±3.76a

BC - - - -

BC+M1 63.00±3.66b 136.34±8.22cd 91.53±4.01c 101.84±5.45cd

BC+M2 96.00±4c 112.11±2.74bc 33.82±2.03ab 46.02±3.21b

378  

379 Chromium stress and BC application significantly influenced germination traits of Brassica juncea 

380 (p ≤ 0.05; Figure 6). Germination percentage was significantly reduced under Cr stress, with M2 

381 showing significantly lower values than the Control and BC treatments. In contrast, BC alone 

382 recorded the highest germination percentage and was significantly higher than M1, M2, and 

383 BC+M2, while remaining statistically at par with the Control and BC+M1. The combined 

384 application of BC with Cr improved germination compared to Cr-only treatments, as BC+M1 and 

385 BC+M2 showed higher values than M1 and M2, respectively.

386 A similar trend was observed for the Seedling Vigour Index. M2 showed a significant decline 

387 compared to the Control, whereas BC alone exhibited a significantly higher vigour index than all 

388 other treatments. The BC+M1 treatment was statistically at par with the Control but significantly 

389 higher than M1, M2, and BC+M2, indicating effective amelioration under moderate stress. 

390 BC+M2 also showed improvement over M2 but remained significantly lower than the Control.

391 In terms of Germination Mean Time, Cr stress significantly delayed germination, with M2 showing 

392 significantly higher values than all other treatments. However, BC application significantly 

393 reduced the germination time, as BC alone recorded the lowest value and was significantly lower 

394 than M1, M2, and BC+M2, while remaining statistically similar to the Control and BC+M1. 
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395 Overall, biochar application improved germination performance and vigour while reducing the 

396 delay caused by Cr stress.

397
398 3.3. Influence of Biochar on Photosynthetic Pigment Content of Brassica juncea Seedlings 

399 under Cr Stress

400 The results (Figure 7) demonstrate that Cr stress and BC application significantly affected the 

401 photosynthetic pigment content of Brassica juncea seedlings (p ≤ 0.05). Chromium exposure, 

402 particularly at the higher concentration (M2), caused a significant reduction in all pigments, with 

403 chlorophyll a, chlorophyll b, total chlorophyll, and total carotenoids decreasing by 39.2%, 46.7%, 

404 49.1%, and 50%, respectively, compared to the Control, indicating impaired photosynthetic 

405 efficiency. Both M1 and M2 recorded significantly lower pigment contents than the Control. In 

406 contrast, BC application alone significantly enhanced pigment levels, increasing chlorophyll a by 

407 94.8%, chlorophyll b by 47.3%, total chlorophyll by 43.4%, and total carotenoids by 98.6% over 

408 the Control, and showed significantly higher values than all other treatments. Furthermore, the 

409 combined application of BC with Cr (BC+M1 and BC+M2) significantly alleviated Cr-induced 

410 pigment loss, as these treatments exhibited significantly higher pigment contents than their 

411 respective Cr-only treatments. Notably, BC+M1 showed pigment levels comparable to the 

412 Control, whereas BC+M2, although significantly improved compared to M2, remained lower than 

Figure 6: Effect of Biochar (BC) on (a) Germination Percentage (b) Seedling Vigour Index      (c) 
Germination Mean Time in 10 days old Brassica juncea seedlings under chromium (M1 and 
M2) stress. Bars represent mean ± standard error of three replicates. Different letters above the 
bars indicate statistically significant differences among treatments according to Tukey’s HSD 
test at p < 0.05; bars sharing the same letter are not significantly different.
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413 the Control, highlighting the protective role of BC in mitigating Cr-induced damage to the 

414 photosynthetic apparatus.

415 The effect of Cr and BC treatments on pheophytin a, pheophytin b, and total pheophytin content 

416 in Brassica juncea seedlings is presented in Figure 8. Chromium stress significantly increased 

417 pheophytin accumulation (p ≤ 0.05), with M2 recording the highest values, showing increases of 

418 39.03%, 82.7%, and 45.3% in pheophytin a, pheophytin b, and total pheophytin, respectively, 

419 compared to the Control. M2 was significantly higher than all BC-amended treatments, while M1 

420 was also significantly higher than BC, BC+M1, and BC+M2 but remained statistically similar to 

421 the Control for some parameters. In contrast, BC application alone showed the lowest pheophytin 

422 content and was significantly lower than the Control, M1, and M2. Furthermore, the combined 

423 application of BC with Cr (BC+M1 and BC+M2) significantly reduced pheophytin levels 

424 compared to their respective Cr-only treatments. BC+M1 showed values comparable to BC, 

425 whereas BC+M2 exhibited intermediate levels, being significantly lower than M2 but higher than 

426 BC. These findings indicate that Cr stress enhanced chlorophyll degradation, while BC application 

427 significantly minimized pheophytin accumulation, demonstrating its protective role against Cr-

428 induced damage.

429  
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Figure 7: Effect of Biochar (BC) on (a) Chlorophyll a (b) Chlorophyll b (c) Total Chlorophyll 
(d) Total Carotenoid content in 10 days old Brassica juncea seedlings under chromium (M1 
and M2) stress. Bars represent mean ± standard error of three replicates. Different letters above 
the bars indicate statistically significant differences among treatments according to Tukey’s 
HSD test at p < 0.05; bars sharing the same letter are not significantly different.
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430

431 3.4. Influence of Biochar on Secondary Metabolites Content of Brassica juncea Seedlings 

432 under Cr Stress

433 Figure 9 shows that both Cr stress and BC application significantly affected the accumulation of 
434 secondary metabolites in Brassica juncea seedlings (p ≤ 0.05). Chromium toxicity significantly 
435 increased total phenol (F = 15.119; dfbetween = 5; dfwithin = 12), flavonoid (F = 58.518; dfbetween = 5; 
436 dfwithin = 12), and anthocyanin content (F = 29.009; dfbetween = 5; dfwithin = 12) compared to the 
437 Control. For total phenol content, seedlings treated with M2 exhibited significantly higher levels 
438 than the Control (p < 0.05). A similar increasing trend was observed under the BC+M1 treatment, 
439 where total phenol levels were significantly higher than both the Control and M1 treatments (p < 
440 0.05), but remained comparable to M2 (p > 0.05). Likewise, BC-treated seedlings showed 
441 significantly higher total phenol content than the Control (p < 0.05), with no significant difference 
442 compared to M2 (p > 0.05).

443 In terms of flavonoid content, a significant increase was observed in seedlings treated with M1 
444 compared to the Control (p < 0.05), followed by a further significant rise under M2 treatment (p < 
445 0.05). BC application also resulted in significantly higher flavonoid levels than the Control (p < 
446 0.05), although values were comparable to M2 (p > 0.05). The combined BC+M1 treatment led to 
447 a significant enhancement over BC alone (p < 0.05), while the highest flavonoid content was 
448 recorded in BC+M2-treated seedlings, which was significantly greater than all other treatments (p 
449 < 0.05).
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Figure 8: Effect of Biochar (BC) on (a) Pheophytin a (b) Pheophytin b (c) Total Pheophytin 
Content in 10 days old Brassica juncea seedlings under chromium (M1 and M2) stress. Bars 
represent mean ± standard error of three replicates. Different letters above the bars indicate 
statistically significant differences among treatments according to Tukey’s HSD test at p < 0.05; 
bars sharing the same letter are not significantly different.

20            

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



450 For anthocyanin content, BC-treated seedlings exhibited the highest levels, being significantly 
451 greater than the Control as well as all other treatments (M1, M2, BC+M1, and BC+M2) (p < 0.05). 
452 Seedlings under M2 showed a significant increase over the Control (p < 0.05), but remained 
453 statistically similar to M1 (p > 0.05). The BC+M1 treatment did not result in any significant change 
454 compared to the Control (p > 0.05), whereas BC+M2 treatment significantly increased anthocyanin 
455 levels relative to M1 (p < 0.05), though values were still lower than those observed with BC alone 
456 (p < 0.05).

457

458

459

460

461

462

463

464

465 3.5. Influence of Biochar on Osmolytes Content of Brassica juncea Seedlings under Cr Stress
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Figure 9: Effect of Biochar (BC) on (a) Total Phenol  (b) Flavonoid and (c) Anthocyanin content 
in 10 days old Brassica juncea seedlings under chromium (M1 and M2) stress. Bars represent 
mean ± standard error of three replicates. Different letters above the bars indicate statistically 
significant differences among treatments according to Tukey’s HSD test at p < 0.05; bars 
sharing the same letter are not significantly different.
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466 The result shown in Figure 10 presents the effect of different treatments on the content of 

467 osmolytes such as total carbohydrates, trehalose and proline in Brassica juncea seedlings. Total 

468 carbohydrate content was significantly highest under BC alone (p < 0.05), followed by BC+M1, 

469 while the Control recorded the lowest value. BC+M1 was significantly higher than M2 and M1 (p 

470 < 0.05), whereas BC+M2 did not differ significantly from M2 (p > 0.05). For trehalose, M2 and 

471 BC exhibited the highest contents and were not significantly different from each other (p > 0.05). 

472 Both were significantly higher than M1, BC+M1, BC+M2, and the Control (p < 0.05). BC+M1 

473 and BC+M2 showed intermediate values and were significantly higher than the Control (p < 0.05), 

474 but lower than BC and M2 (p < 0.05). In the case of proline, BC and BC+M2 recorded the 

475 maximum accumulation and were statistically at par (p > 0.05). Both were significantly higher 

476 than the Control, M1, M2, and BC+M1 (p < 0.05). The Control consistently showed the lowest 

477 osmolyte levels across all parameters.

478 4. Correlation Analysis

479  The correlation analysis (Figure 11) revealed strong and significant relationships among growth 
480 and biochemical parameters. Growth attributes such as root length, shoot length, fresh weight, dry 
481 weight, and moisture content exhibited strong positive correlations (r ≈ 0.62–0.99), indicating 
482 coordinated plant development and suggesting that improvement in one parameter is closely 

Figure 10: Effect of Biochar (BC) on (a) Total Carbohydrates (b) Proline content and                                  
(c) Trehalose in 10 days old Brassica juncea seedlings under chromium (M1 and M2) stress. 
Bars represent mean ± standard error of three replicates. Different letters above the bars indicate 
statistically significant differences among treatments according to Tukey’s HSD test at p < 
0.05; bars sharing the same letter are not significantly different.

0.000

0.100

0.200

0.300

0.400

0.500

Control M1 M2 BC BC+M1 BC+M2

To
tal

 C
arb

oh
yd

rat
es

(m
g/g

 D
W

)

Treatments

0.000
2.000
4.000
6.000
8.000

10.000
12.000
14.000
16.000
18.000

Control M1 M2 BC BC+M1 BC+M2

Tr
eh

alo
se

(m
g/g

 D
W

)

Treatments

0.0000

0.0050

0.0100

0.0150

0.0200

0.0250

0.0300

Control M1 M2 BC BC+M1 BC+M2

Pr
oli

ne
 C

on
ten

t
(m

g/g
 FW

)

Treatments

a

a

a ab
b

c e d c

b
d d c c

bc c
d d

a b

c

22            

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



483 associated with overall biomass accumulation. Similarly germination percentage, seed vigor index, 
484 and stress tolerance indices, were highly positively correlated, confirming their reliability as 
485 indicators of early plant establishment under stress conditions.

486 In contrast, mean germination time showed strong negative correlations with most growth and 
487 germination traits (r ≈ –0.72 to –0.96), indicating that delayed germination adversely affects plant 
488 performance. Photosynthetic pigments, including chlorophyll a, chlorophyll b, total chlorophyll, 
489 and carotenoids, were strongly positively correlated with each other, reflecting the coordinated 
490 functioning of the photosynthetic system.

491 Stress-related pigments, particularly pheophytin (pheophytin a, pheophytin b, and total 
492 pheophytin), exhibited strong negative correlations with growth and chlorophyll content, 
493 indicating that increased chlorophyll degradation is associated with reduced plant health under 
494 stress conditions. The resulting accumulation of pheophytins under HM stress often coincides with 
495 heightened oxidative stress in plants thus can serve as an early indicator of Cr toxicity. 
496 Additionally, biochemical parameters such as phenols, flavonoids, anthocyanins, total 
497 carbohydrates, trehalose, and proline showed positive correlations among themselves, suggesting 
498 their coordinated accumulation under stress. However, their moderate negative association with 
499 growth traits indicates a shift in plant metabolism toward stress response rather than growth.

500  
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501

502 Abbreviations1

503 5. Discussion

1 FW, Fresh Weight; DW, Dry Weight; RL, Root length; SL, Shoot Length; MC, Moisture Content; DWSTI, Dry Weight Stress Tolerance Index; 
Fresh Weight Stress Tolerance Index; RLSTI, Root Length Stress Tolerance Index; SHSTI, Shoot Height Stress Tolerance Index; FWSTI, GP, 
Germination Percentage; GMT, Germination Mean Time; SVI, Seedling Vigor Index; Chla, Chlorophyll a; Chlb, Chlorophyll; Tchl, Total 
Chlorophyll; TCaro, Total Carotenoids; Pheoa, Pheophytin a; Pheob, Pheophytin b; Tpheo, Total Pheophytin; Phen, Total Phenol; Antho, 
Anthocyanin; Flav, Flavonoid; TCarbo, Total Carbohydrate; Treha, Trehalose; Proli, Proline

 Figure 11: The impact of biochar application was assessed through correlation analysis among various growth and biochemical 

attributes in 10 days old Cr-stressed Brassica juncea L. seedlings. In the correlation matrix, green shades indicate strong positive 

correlations, yellow indicates weak or no correlation, and red shades represent strong negative correlations between the measured 

parameters. 
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504 The aim of study was to investigate the metal-sequestering potential of apricot kernel shell-derived 

505 BC and to elucidate the mechanisms by which it mitigates Cr-induced phytotoxicity, with a 

506 particular focus on plant growth parameters, photosynthetic pigment content, secondary 

507 metabolites and osmolytes.

508 5.1. Biochar Properties and Cr Immobilization Mechanisms

509  In the present study, the apricot kernel shell–derived BC exhibited a pH of 7.84, reflecting its 

510 alkaline nature, which is a characteristic feature of BC produced from such lignocellulosic 

511 biomass. The shift toward a near-neutral to alkaline pH is characteristic of pyrolysis in the 500–

512 550°C range; this occurs as alkali salts begin to separate from the organic matrix above 300°C, 

513 leading to a concentrated accumulation of alkali earth metals within the resulting carbon structure 

514 (Tomczyk et al., 2020; Yu et al., 2014). This alkalinity is instrumental in neutralizing acidic soils 

515 and markedly affects the mobility and availability of HMs. As soil pH rises, HMs bind more 

516 strongly to soil particles, leading to reduced mobility and lower uptake by plants. (Su et al., 2024; 

517 Amin et al., 2023; Meng et al., 2023; Yuan et al., 2021). Moreover, elevated soil pH can promote 

518 the formation of metal hydroxide precipitates, further decrease their bioavailability and contribute 

519 to HM immobilization (Singh et al., 2010). FTIR spectra (Figure 2) confirmed the presence of 

520 several surface functional groups, including C–C, C–H, C–O, and –C=O, indicating the enriched 

521 organic carbon structure of BC and highlighting its potential as an effective soil rejuvenator (Zhang 

522 et al., 2021; Zhang et al., 2018). These surface functionalities enhance the adsorption of heavy 

523 metals by facilitating hydrogen bonding and other surface interactions with metal ions (Huang et 

524 al., 2021; Wu et al., 2020). Abbas et al. (2018) reported that groups such as C–C, C–O, and –

525 COOH contribute significantly to HM immobilization through ion-exchange processes. Moreover, 

526 heteroatoms such as oxygen and hydrogen present in –OH and –COOH groups can act as 

527 coordination sites that promote complex formation with HM ions, thereby stabilizing them on the 

528 BC surface (Li et al., 2020; Zhu et al., 2019). In addition to adsorption mechanisms, redox reactions 

529 also play an important role in Cr immobilization. Electron-shuttle experiments conducted by Xu 

530 et al. (2019) demonstrated that –C–O and –C=O groups present on the BC surface function as 

531 electron-donating sites that facilitate the reduction of Cr(VI) to the less toxic Cr(III) form. These 

532 groups, commonly present as phenolic, ketonic, and amino structures, can donate electrons during 

533 oxidation reactions, leading to their transformation into quinone groups and ammonium salts. This 
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534 electron-transfer process promotes the conversion of Cr(VI) to Cr(III), thereby decreasing its 

535 toxicity, mobility, and bioavailability The zeta potential of the BC was recorded as –22.3 mV, 

536 indicating a negatively charged surface. This negative zeta potential is attributed to the presence 

537 of oxygen-containing functional groups, such as carboxylate (–COO‐) and hydroxyl (–OH), on 

538 the BC surface, which impart electronegativity (Nicholas et al., 2022). These oxygen-containing 

539 functional groups can donate electrons and facilitate the reduction of Cr(VI) to Cr(III) (Guo et al., 

540 2020). During this redox process, C–O and C=O groups were oxidized into carboxylic (–COOH) 

541 groups, indicating electron transfer from BC to Cr (Xu et al., 2019). The generated Cr³‐ is 

542 subsequently immobilized through ion exchange or surface complexation mechanisms, as 

543 proposed by Lyubchik et al. (2004), where Cr³‐ may exchange with inherent cations such as K‐ 

544 present on the BC surface, resulting in its stabilization and immobilization. The FESEM analysis 

545 showed that the BC possessed a highly porous surface, which helps in the physical adsorption of 

546 heavy metals (Emamverdian et al., 2025; Liang et al., 2021). Furthermore, the porous architecture 

547 of BC provides abundant active sites that serve as a microhabitat for microbial colonization, 

548 enhancing microbial survival and activity under stress conditions. This microbial–biochar system 

549 improves soil properties by increasing organic carbon content and cation exchange capacity, while 

550 reducing redox potential and bulk density. Consequently, microbial activity, together with 

551 interactions with the BC matrix, significantly contributes to heavy metal immobilization, resulting 

552 in reduction of Cr(VI) to Cr(III) and a substantial increase in the stable residual fraction of Cr 

553 (Bolan et al., 2023; Chen et al., 2021). The XRD spectra of apricot shell-derived BC synthesized 

554 at 500°C exhibited a predominantly amorphous nature. At this moderate carbonization 

555 temperature, the BC matrix preserves a high density of oxygen-containing functional groups, 

556 which serve as essential active sites for HM interaction. However, as the pyrolysis temperature 

557 increases, the BC undergoes a structural transition toward graphitic crystallinity, evidenced by the 

558 narrowing of XRD peaks. This structural ordering is accompanied by a significant reduction in 

559 oxygen-containing functional groups abundance due to thermal deoxygenation and 

560 decarboxylation, ultimately diminishing the BC’s capacity for the adsorption-coupled reduction of 

561 Cr(VI) (Somboon et al., 2025; Nguyen et al., 2024; Edeh et al., 2023). The apricot shell derived 

562 BC exhibited a BET surface area of 1.387 m²/g. Although high BET surface area is often 

563 considered advantageous for HM adsorption, but several studies for instance, Dong et al. (2025); 

564 Daffalla, (2023); Hossain et al. (2020); demonstrate that BC with relatively low surface area can 
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565 still effectively mitigate Cr phytotoxicity. This is because metal immobilization is governed not 

566 only by physical adsorption but also by surface functional groups, mineral constituents, alkalinity, 

567 and redox reactions that convert toxic Cr(VI) into less mobile Cr(III).

568 5.2. Impact on Plant Growth and Germination

569 Cr contamination in soil has been shown to negatively impact plant physiological processes, 

570 particularly germination and growth in Brassica juncea plants (Kour et al., 2024). In the current 

571 study. Cr exposure significantly reduced germination percentage, seedling vigour, and prolonged 

572 the time required for seed germination, consistent with previous reports (Iqbal et al., 2023; Siddiqui 

573 et al., 2014). Similarly, notable reductions in both root and shoot lengths were observed under Cr 

574 stress, in agreement with findings in other plant species such as Triticum aestivum and Solanum 

575 lycopersicum, which also exhibited growth inhibition (Devi et al., 2024; Kumar et al., 2022).The 

576 decline in root development may be attributed to disrupted cell division and alterations in cell cycle 

577 regulatory genes, often resulting in chromosomal abnormalities (Kundu et al., 2018; Yang et al., 

578 2017). Such impaired root systems limit water and nutrient uptake, subsequently affecting shoot 

579 elongation (Mukta et al., 2019; Rajendran et al., 2019; Shahid et al., 2017). Furthermore, the study 

580 observed a significant decrease of fresh and dry matter in Brassica juncea seedlings exposed to 

581 Cr, reflecting the physiological stress imposed by Cr toxicity (Bashir et al., 2021; González et al., 

582 2015). However, the application of BC has increased germination percentage (Karim et al., 2025;) 

583 and reduced germination mean time (Ali et al., 2021; Qayyum et al., 2015) by improving soil 

584 physicochemical properties. Its porous structure enhances soil water-holding capacity and 

585 moisture availability, which promotes rapid seed imbibition and accelerates germination (Al Hinai 

586 et al., 2023; Pehlivan and Wang, 2022; Basso et al. 2013; Kammann et al. 2011). In addition, BC 

587 supplies slow-release mineral nutrients and improves soil fertility, thereby supporting early 

588 metabolic activities required for germination (Yang et al., 2015). These improvements create a 

589 favorable environment for seedling emergence and plant growth while simultaneously reducing 

590 the bioavailability of toxic metals in soil (Emamverdian et al., 2024; Calcan et al., 2022).

591 5.3. Modulation of Photosynthetic Apparatus 

592 For the early detection of HM toxicity in plants, organic compounds such as chlorophylls serve as 

593 reliable bio-indicators. Since chlorophyll plays a key role in photosynthesis, assessing its content 

594 provides valuable insights into the physiological effects of metal stress. In the present study, 
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595 increasing concentrations of Cr significantly declined the content of chlorophyll a and b, total 

596 chlorophyll and total carotenoid. This trend reflects the disruptive effect of HMs on key metabolic 

597 processes, particularly through the inactivation of enzymes essential for normal cellular functions. 

598 Given that chlorophylls are integral to the pigment system within chloroplasts, their reduction 

599 directly impairs plant growth (Pourakbar et al., 2007). The observed decline in chlorophyll content 

600 may be attributed to the inhibition of key enzymes involved in the synthesis of chlorophyll, such 

601 as protochlorophyllide reductase and aminolevulinic acid dehydratase (Adamczyk-Szabela et al., 

602 2023). Similar reductions in photosynthetic pigment levels under Cr stress have also been 

603 documented in Helianthus annuus L. (Ramzan et al., 2023), Vicia faba L. (Bouhadi et al., 2024) 

604 and Raphanus sativus (Younis et al., 2024), supporting the findings of the current study. However, 

605 the application of BC, both individually and in combination with Cr, alleviated the stress caused 

606 by the metal, as evidenced by the enhanced levels of all photosynthetic pigments analyzed in the 

607 present study. Our findings align with those of Younis et al. (2024), who observed that applying 

608 0.75% BC increased chlorophyll a by 12.66%, chlorophyll b by 40.67%, total chlorophyll by 

609 20.84%, and carotenoid content by 48.19% in Cr-stressed Raphanus sativus. Similarly, 5% cotton 

610 stalk and 3% sugarcane bagasse-derived BC enhanced the photosynthetic pigment content in 

611 Spinacia oleracea L. and Zea mays L. respectively under Cr stress (Sami et al., 2023; Bashir et al., 

612 2021).

613 5.4. Induction of Secondary Metabolism and Osmoprotection

614 Phenolic compounds exhibit strong redox activity and function as effective antioxidants under 

615 stress conditions by scavenging ROS and stabilizing cellular redox homeostasis (Vallverdú-

616 Queralt et al., 2014). Their biosynthesis is primarily regulated through the phenylpropanoid 

617 pathway, where phenylalanine acts as a central precursor for a wide range of secondary 

618 metabolites, including flavonoids, anthocyanins, lignins, phytoalexins, and phenolic acids. Under 

619 HM stress, the activation of this pathway represents a crucial adaptive response, as plants enhance 

620 the synthesis of these compounds to counteract oxidative damage and metal toxicity (Sharma et 

621 al., 2025; Anjitha et al., 2021). This upregulation is largely mediated by increased activity of key 

622 enzymes such as phenylalanine ammonia-lyase (PAL), shikimate dehydrogenase, and polyphenol 

623 oxidase, which collectively drive the accumulation of phenolic metabolites (Zoufan et al., 2020; 

624 Kaur et al., 2017). These metabolites not only function as antioxidants but also participate in metal 
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625 chelation, cell wall strengthening (via lignification), and restriction of metal translocation, thereby 

626 contributing to Cr immobilization within plant tissues.

627 In addition to phenolics, the accumulation of soluble sugars and osmolytes represents another 

628 critical defense strategy under stress conditions. Sugars such as sucrose, trehalose, hexoses, and 

629 raffinose family oligosaccharides act as osmoprotectants, signaling molecules, and metabolic 

630 regulators, helping to maintain cellular integrity and osmotic balance. These compounds play a 

631 vital role in stabilizing membranes and proteins, preserving photosynthetic machinery, and 

632 mitigating oxidative damage by directly or indirectly scavenging ROS (Ahmad et al., 2020). 

633 Furthermore, soluble carbohydrates serve as essential sources of energy and carbon skeletons 

634 required for sustaining metabolic processes and synthesizing stress-responsive biomolecules. 

635 Their accumulation is closely associated with improved membrane stability and maintenance of 

636 turgor pressure, which are essential for plant survival under Cr-induced stress (Emamverdian et 

637 al., 2025; Arno and Hernández-Ruiz, 2019).

638 The findings of the present study are consistent with previous reports demonstrating enhanced 

639 accumulation of secondary metabolites and osmolytes under HM stress and BC application, such 

640 as in bamboo (Emamverdian et al., 2025), tomato (Anbuganesan et al., 2024; Badawy et al., 2022), 

641 medicinal herbs (Nigam et al., 2021), cowpea (Phares et al., 2020), peanut (Chen et al., 2020), and 

642 lettuce (Quartacci et al., 2017). Collectively, these results suggest that the accumulation of 

643 phenolic compounds and soluble sugars is not merely a stress symptom but a coordinated adaptive 

644 mechanism that enhances plant tolerance by integrating antioxidant defense, osmotic regulation, 

645 and metabolic stability under HM stress conditions.

646 6. Future Research Directions

647 Research on the ability of BC to reduce HM toxicity in plants is an area of increasing research 

648 interest. The results of the present study demonstrate the effectiveness of BC in alleviating Cr 

649 phytotoxicity through improvements in growth and biochemical parameters. In the present study, 

650 Cr stress reduced chlorophyll content, whereas the application of BC, either alone or in 

651 combination with Cr, enhanced pigment levels compared with the stress treatment. Future studies 

652 should investigate the effects of these treatments on δ-aminolevulinic acid and glutamate-1-

653 semialdehyde, which are key intermediates in the tetrapyrrole biosynthesis pathway. Similarly, the 

654 activity of phenylalanine ammonia-lyase, a key regulatory enzyme of the phenylpropanoid 
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655 pathway responsible for the synthesis of various secondary metabolites involved in plant defense, 

656 stress tolerance, and structural support, should also be examined.

657 Future endeavors should also analyze the expression patterns of key HM responsive genes 

658 involved in photosynthesis, energy metabolism, and secondary metabolite biosynthesis. Detailed 

659 transcriptional studies targeting photosynthetic genes such as PetH (photosystem I) and LHCB7 

660 (photosystem II), as well as the chloroplast ATP synthase gene atpD, would provide deeper insight 

661 into the physiological adjustments induced by BC under heavy metal exposure. Furthermore, gene 

662 expression analysis of metabolic pathways associated with plant defence and detoxification 

663 particularly phenylpropanoid metabolism (HCT, COMT) and flavonoid biosynthesis (FG3, GT1, 

664 CHS, FLS) should be undertaken.

665 To better understand the mechanisms governing BC–Cr interactions, detailed kinetic 

666 investigations are required to elucidate the rate, pathways, and controlling mechanisms of Cr 

667 immobilization by BC. Furthermore, the assessment of soil enzyme activities, particularly 

668 dehydrogenase, urease, and phosphatases, should be prioritized to clarify the relationship between 

669 microbial functional recovery, soil fertility, and plant performance. Additionally, integrating the 

670 above measured biochemical indicators with multi-omics approaches, including metagenomics, 

671 metatranscriptomics, and metabolomics, would provide a holistic framework to decode biochar–

672 microbe–plant interactions and support the development of effective and sustainable remediation 

673 strategies for Cr-contaminated soils.

674 7. Conclusion

675 HM toxicity is a growing concern that adversely affects the growth and development of plants. In 

676 the present study, apricot kernel shell BC, procured from the Kargil district of UT Ladakh, was 

677 used to ameliorate Cr toxicity in Brassica juncea seedlings. Characterization of this BC revealed 

678 that its alkaline nature, negative zeta potential, and abundance of functional groups impart it with 

679 the potential to reduce Cr phytotoxicity. This was further confirmed by the positive responses 

680 observed in various growth and biochemical parameters under treatments with Cr, BC, and their 

681 combination (Figure 12), where compared to control, the application of 1% BC had increased root 

682 length by 24.75%, shoot length (35.91%), fresh weight (57.12%) and dry weight (133.3%). Similar 

683 kind of positive effect was also observed in the photosynthetic pigments (Chlorophyll a, 

684 Chlorophyll b, Total Chlorophyll and Total Carotenoids). Furthermore, content of secondary 
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685 metabolites and osmolytes were also estimated, their results again demonstrated the effectiveness 

686 of BC in alleviating Cr phytotoxicity. Overall, BC application improved all measured parameters, 

687 indicating that apricot kernel shell-derived BC can serve as a promising eco-friendly amendment 

688 for the amelioration of Cr stress in plants.

689

690 Figure 12: Schematic illustration depicting the effects of Cr stress and biochar application on 

691 growth, germination, and biochemical attributes of Brassica juncea L. seedlings.
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