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Sustainability Spotlight Statement

The study exemplifies the principles of circular economy by addressing the removal of Reactive 

Yellow 176 from an aqueous medium using water hyacinth (Eichhornia crassipes) derived 

biochar.  This research successfully established water hyacinth, an invasive plant species, as an 

eco- and cost-efficient precursor for effective adsorbent synthesis, thereby providing pathways for 

environmental remediation from an environmentally detrimental feedstock. The superior 

adsorption capacity of water hyacinth-derived biochars (up to 19.68 mg.g-1), an excellent fit to the 

Langmuir isotherm, and thermodynamic spontaneity (negative values of ΔG and ΔH), indicate that 

the biochar is suitable for real-world applications. The integrated dual solution approach for 

controlling water hyacinth population and dye removal in this study provides a significant step for 

addressing such environmental challenges. 
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9 Abstract

10 Biochars (300BC, 500BC, and 700BC) were produced from water hyacinth at 300°C, 500°C, 

11 and 700°C pyrolysis temperatures. The adsorption capacities were evaluated using Reactive 

12 Yellow 176 dye. Characterization of the resultant biochar was conducted using proximate 

13 analysis, ultimate analysis, SEM, EDX, XRD, FTIR, BET surface area, and TGA_DTG 

14 analysis. Increasing pyrolysis temperature enhanced pore formation and surface heterogeneity, 

15 facilitating the mass transfer of dye molecules.  FTIR analysis indicated hierarchical 

16 aromaticity and graphitization with increasing temperature, complemented by the confirmation 

17 of carbonaceous structures in XRD analysis. The specific surface area of the biochar pyrolyzed 

18 at 700oC (211.3 m² g⁻¹) increased nearly 59-fold and 7-fold compared to the 300 °C (3.6 m² 

19 g⁻¹) and 500oC (30.9 m² g⁻¹) counterparts, promoting pore filling, electrostatic interactions and 

20 π–π interactions. Adsorption kinetics followed the pseudo-second-order model, while the 

21 equilibrium isotherm analysis revealed a perfect agreement with the Langmuir isotherm model 

22 (R2=0.99 for each biochar species, low RMSE values from 0.23 to 0.39, and reduced χ2 values 

23 ranging from 0.06 to 0.35), indicating monolayer adsorption on a homogenous surface. The 

24 intraparticle diffusion model confirmed that the initial film diffusion was limited by the 

25 subsequent intraparticle diffusion. 700BC demonstrated the best dye adsorption capacity 

26 (19.68 mg g-1) attributed to its microporous structure, elevated specific surface area (211.3 m2 

27 g-1), highest point zero charge (10.3), and highest aromaticity. The spontaneity and exothermic 

28 nature of the adsorption mechanism were validated by ΔG ( -24.71 kJ mol-1 to -30.42 kJ mol-

29 1) and ΔH (-27.59 to -45.73 kJ mol-1) values. The proposed adsorption pathway aligns with 

30 existing literature, suggesting pore filling, electrostatic attractions, hydrophobic interactions, 

31 H-H bonding, ion exchange, and π-π interactions drive the adsorption mechanism. The study 

32 demonstrated that the water hyacinth-derived biochar can emerge as a sustainable and efficient 

33 adsorbent for reactive anionic dyes. 
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34 Keywords: Eichhornia crassipes, biochar, pyrolysis, Reactive yellow 176, isotherm, kinetics, 

35 thermodynamics

36

37 1. Introduction

38 The worldwide growth of textile industries has led to a sharp increase in wastewater generation, 

39 comprising complex mixtures of diverse pollutants such as synthetic dyes, surfactants, 

40 auxiliary chemicals, salts, and various organic and inorganic substances. Among these 

41 contaminants, textile dyes are considered to be the greatest concerning issues due to their 

42 recalcitrant aromatic structures, toxicity, resistance to biodegradation, and visible color even 

43 in the presence of very diluted concentrations 1. Being one of the world’s leading exporters of 

44 cotton-based apparel, Bangladesh has experienced dramatic expansion in the textile dyeing, 

45 finishing, washing, and printing industries. This has intensified the discharge of untreated or 

46 partially treated dye-containing effluents into nearby rivers, lakes, and canals 2.  The industries, 

47 particularly the wet processing sectors, highly rely on reactive dyes for the dyeing and printing 

48 of cotton and cotton-blended materials due to their bright shades, high color fastness properties, 

49 ease of application, and versatility 3. According to previous literature, dyeing 1 kg of cotton 

50 can produce 200 kg of wastewater, which can contain up to 50% of the dyebath's initial dye 

51 input and up to 100 g/L of salts 4. However, a major limitation of using the reactive dyes is the 

52 limited fixation percentage (typically only about 50-85%) to the fiber, due to hydrolysis during 

53 wet processing, particularly dyeing. The remaining 15-50% unfixed dyes undergo the post-

54 dyeing rinsing treatments and get into the wash-off liquor 5.  These dyes, typically containing 

55 aromatic amines in its structure, can decompose into mutagenic and carcinogenic metabolites 

56 in discharged water bodies 6. Moreover, this fraction of unfixed dyes significantly contributes 

57 to the pollution load of textile effluents by increasing chemical oxygen demand and color 

58 intensity, odour and turbidity 7 and may further aggravate the toxicity by persisting in the 
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59 aquatic environment due to being highly soluble in water and containing potentially hazardous 

60 intermediates, leading to disruption of microbial ecosystem 8,9. 

61 Numerous effluent treatment strategies have been explored in the literature to date for the 

62 abatement of the dye pollutants from textile effluent, such as coagulation–flocculation, ion 

63 exchange, membrane filtration, advanced oxidation processes (AOPs), and biodegradation 8. 

64 The high operational cost, tendency to generate sludge, dependency on chemicals, and high 

65 energy intake often limit the implementation of these processes 10,11. Adsorption can overcome 

66 these limitations due to its efficiency, flexibility, and cost-effectiveness. Bio-based, green, low-

67 cost adsorbents derived from agricultural and lignocellulosic biomass have been attracted by 

68 the researchers to eliminate dye contaminants. Water hyacinth (Eichhornia crassipes) has 

69 emerged as a promising candidate in this field. Some recent reviews have highlighted the 

70 remarkable potential of Eichhornia crassipes to act as an efficient biosorbent for a wide variety 

71 of pollutants 12. In Bangladesh, water hyacinth spreads rapidly across rivers and canals and 

72 clogs waterways, making navigation difficult and crowds out native aquatic plants 13. 

73 Moreover, the dense mats of water hyacinth plants often block sunlight penetration, leading to 

74 reduced photosynthesis in the aquatic plants and depletion of dissolved oxygen, which can 

75 subsequently cause death to the aquatic plants, organisms and fish 14. Transforming this 

76 invasive waste material into value-added products such as adsorbents presents an opportunity 

77 to contribute to circular economy principles as well as waste-to-resource approaches.

78 Biochar, a carbon-rich porous solid produced through pyrolysis of biomass under limited 

79 oxygen conditions, has gained growing interest for pollutant remediation. Recently, it has 

80 manifested as an efficient adsorbent for various contaminants, including dyes, pesticides, heavy 

81 metals, antibiotics, phenolic compounds, pathogens, microplastics, etc. Various bioadsorbents 

82 have been explored as precursors for biochar production, particularly to adsorb dye moieties in 

83 literature, such as rice husk 15, coconut shell 16, sugarcane bagasse 17, seaweed 18, palm residues 
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84 19, invasive plant species 20, banana peel 21, coconut shell 16, Groundnut shell 22, Mahagoni 

85 wood and bark 23, etc. 

86 Feedstocks are pyrolyzed at various temperatures to produce biochar with diverse structural 

87 and chemical features 24. Studies have demonstrated the applicability of biochar to remove 

88 cationic and anionic dyes under different operational conditions. The pyrolysis condition plays 

89 a vital role in altering the physicochemical evolution, which subsequently leads to the 

90 adsorption performance. Biochar typically exhibits higher surface area, abundant porosity, 

91 more functional groups, and improved aromaticity as compared to raw biomass. These 

92 properties majorly depend on feedstock type and calcination temperature. The enhanced 

93 features after pyrolysis can influence the interaction of dye molecules and the biochar surface 

94 mechanism 25,26. Activation of the biochar physically or chemically has also been reported to 

95 enhance the adsorption efficiency 27. These include multiple preparation stages, instrumental 

96 facilities, and the involvement of other chemicals. A facile single-stage pyrolysis route may be 

97 beneficial and cost-effective from this perspective. Pristine biochar derived from water 

98 hyacinth has received limited attention for its role in removing anionic reactive dyes from 

99 textile effluents. 

100 In light of these gaps, the present study focuses on the preparation of a non-toxic pristine 

101 biochar from water hyacinth through a facile single-stage slow pyrolysis method for the 

102 abatement of reactive dyes from aqueous solution. It involves calcination under N2 flow at 

103 different temperatures (300, 500, and 700oC). Reactive Yellow 176 (RY176) was chosen as the 

104 model pollutant to reflect the real-world conditions of wet processing industries in Bangladesh. 

105 The objective of this study was to investigate the impact of pyrolysis temperatures on the 

106 physical, chemical, and interfacial properties of biochars and consequent reactive dye 

107 adsorption in solution. The adsorption mechanism of dye molecules and its spontaneity were 

108 evaluated with adsorption isotherms, kinetics, and thermodynamic parameters. This study 
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109 critically analyzed water hyacinth-derived biochars as a sustainable and effective adsorbent for 

110 anionic dye remediation. 

111

112 2. Materials and methods

113 2.1. Reagents and materials

114 For this study, water hyacinth (Eichhornia crassipes) plants were collected from a random local 

115 pond near Ashulia, Gazipur, Bangladesh. C.I. Reactive Yellow 176 (RY176) dye was obtained 

116 from Dystar, Bangladesh. All other reagents used in the experiments were of laboratory grade 

117 and applied without further purification. 

118 2.2. Preparation of water hyacinth (WH) biochar

119 After collection, roots and flowers of Eichhornia crassipes were removed, and the remaining 

120 stems and leaves were thoroughly washed with tap water to remove surface impurities. The 

121 biomass was sun-dried for over a month, followed by oven drying at 103 °C for 12 h to 

122 eliminate residual moisture, according to ASTM D2867-10 28. The dried material was chopped 

123 (<10 mm), ground (Philips, 750 W, India), and sieved to obtain particles of 100–420 µm, then 

124 stored in polyethylene bags before pyrolysis. 

125 Biochars were produced in a laboratory-scale fixed-bed batch reactor placed inside a 

126 programmable muffle furnace. Dried biomass was placed inside the reactor vessel which was 

127 consisted of a sealed stainless-steel chamber with a nitrogen gas inlet and exhaust gas outlet. 

128 To establish oxygen-limited conditions, high-purity nitrogen gas was purged at a flowrate of 

129 10 L h⁻1 30 min before heating to displace residual air and maintained continuously throughout 

130 the heating until cooling. Pyrolysis was conducted at target temperatures 300 °C,500 °C, and 

131 700 °C separately, maintaining a constant heating rate of 5°C min-1 and a residence time of 1h 
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132 at the final temperature. The synthesized biochars were denoted as 300BC, 500BC, and 700BC. 

133 Each biochar sample was allowed to cool to ambient conditions naturally under continuous 

134 nitrogen flow and then preserved in sealed containers to avoid moisture and oxygen contact. 

135 Yield was estimated from the weight difference of the initial biomass and resultant biochar. A 

136 biochar to water ratio of 1:30 (w/v) was maintained while evaluating pH. A schematic 

137 representation of the pyrolysis procedure is shown in Supplementary Figure S1.

138 2.3. Characterization

139 Elemental composition (C, H, N) was determined using an elemental analyzer (EA3000, 

140 Eurovector, Italy), while O content was estimated by difference. Atomic ratios (H/C, O/C, C/N) 

141 were calculated from elemental data. Proximate analysis (moisture, volatile matter, and ash) 

142 was carried out according to ASTM methods; fixed carbon was obtained by difference. Biochar 

143 yield was expressed as the weight ratio of biochar to feedstock. Table 1 represents the general 

144 characteristics of Eichhornia crassipes before and after pyrolysis. The pH of biomass and 

145 biochars was measured in 1:10 (w/v) suspensions, and pHpzc was determined by the drift 

146 method. Surface functional groups were characterized by FTIR (4000–400 cm⁻¹, Shimadzu 

147 FTIR-8400, Japan). Surface morphology was analyzed by a Field Emission Scanning Electron 

148 Microscope (FE-SEM) at a 5.0 kV operating voltage equipped with an energy dispersive 

149 spectrometer (JEOL JSM-7600F, Japan) to simultaneously measure the surface elemental 

150 composition of the biochars. Thermal stability was assessed by TGA_DTG analysis (40–700 

151 °C, 10 °C min⁻¹, argon flow 70 mL/min) using a simultaneous thermal analyzer (NETZSCH 

152 STA 449 Jupiter, Germany). Mineral phases were identified by XRD (Empyrean, PANalytical, 

153 Netherlands) using Cu-Kα radiation (wavelength: Kα1 = 1.540598 Å and Kα2 = 1.544426 Å; 

154 2θ = 10 to 80o). Nitrogen adsorption–desorption isotherms were recorded at 77 K (BELSORP 

155 MAX II, Microtrac MRB). Samples were degassed at 150 °C for 2 h prior to analysis. BET 
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156 specific surface area (BETSSA) was determined in the P/P₀ range 0–0.99, while pore volume 

157 and size distribution were calculated using the NLDF GCMC model.

158 2.4. Adsorption experiments

159 2.4.1. Batch adsorption tests

160 Batch adsorption was carried out by adding a known amount of biochar into 20 mL of dye 

161 solution and agitating on a thermostatic shaker at 150 rpm until equilibrium. The dye 

162 concentration was quantified using a calibration curve (λmax = 417 nm) by UV–Vis 

163 spectrophotometry (UV-1800, Shimadzu, Japan). The adsorption capacity (qe, mg g⁻¹) and dye 

164 removal efficiency (R%) of the biochar were calculated by Eqn. (1) and (2) 29, respectively:   

165 𝑞𝑒 =
(𝐶𝑜 ― 𝐶𝑒)𝑉

𝑚 (1)

166 𝑅(%) =
(𝐶𝑜 ― 𝐶𝑒) × 100

𝐶𝑜
(2)

167 Where Co and Ce (mg L⁻¹) are the initial and equilibrium dye concentrations, respectively, V 

168 (L) is the solution volume, and m (g) is the mass of biochar.

169 The effect of pH was studied in the range of 2–10. Adsorption isotherms were performed at 

170 initial dye concentrations of 10–200 mg L⁻¹.

171 2.4.2. Adsorption isotherms

172 Equilibrium Isotherm data were analyzed by nonlinear fitting using Langmuir, Freundlich, and 

173 Dubinin-Radushkevich (D-R) models 30. According to the Langmuir model, once a dye 

174 molecule adheres to an active site on the adsorbent surface, no further adsorption can occur at 

175 that particular site. The process is governed by a state of dynamic equilibrium where the rates 

176 of adsorption and desorption become equal. All available active sites are fully occupied at that 
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177 stage, indicating that the surface has reached saturation 31. The model assumes homogeneous 

178 monolayer adsorption and is expressed as Eq. (3)

179 𝑞𝑒 =
𝑞𝑚𝑎𝑥K𝐿

1 + 𝐾𝐿𝐶𝑒
 (3)

180 Where qmax (mg g⁻¹) and KL (L mg⁻¹) account for maximum adsorption capacity, respectively. 

181 Its separation factor, RL, was used to evaluate adsorption favorability as follows (Eq. (4)):

182 𝑅𝐿 =
1

1 + 𝐾𝐿𝐶𝑒
(4)

183 Where RL indicates the nature of adsorption; the lower the value of RL, the greater is the 

184 favorability ; (RL>1: Unfavorable; RL=1: Linear, 0<RL<1: Favorable, RL=0: Irreversible) 31.

185 The Freundlich isotherm model, originally proposed by Freundlich in 1960, describes 

186 adsorption occurring on heterogeneous surfaces. It reflects a chemical adsorption process in 

187 which interactions among adsorbed molecules are influenced by heat and energy dissipation. 

188 It is particularly suitable for systems with high adsorption capacity at low solute concentrations. 

189 The Freundlich model accounts for heterogeneous multilayer adsorption (Eq. (5)) and is 

190 expressed as:

191 𝑞𝑒 = 𝐾𝐹𝐶
1
𝑛
𝑒 (5)

192 Where KF (mg1−1/n L1/n g−1) and n represent the Freundlich adsorption constant and intensity, 

193 respectively.

194 The three parameter Dubinin–Radushkevich (D–R) isotherm model was applied to explain the 

195 adsorption on heterogeneous surfaces 32 and establish the relation between the amount of 

196 adsorbate retained and the Polanyi potential. The mean free energy was calculated using Eq. 

197 (6).
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198 𝑞𝑒 = 𝑞𝑚𝑎𝑥 𝑒𝑥𝑝(―𝛽𝜀2)(6)

199 The Polanyi potential (ε, kJ mmol⁻¹) was calculated using the following equation (Eq. (7)):

200 𝜀 = 𝑅𝑇𝑙𝑛 1 +
1

𝐶𝑒
(7)

201 Where R is the ideal gas constant (8.31 J mol-1 K-1), and T is the temperature in Kelvin scale. 

202 The mean free energy of adsorption, E (kJ mmol-1) was calculated as Eq. (8). 

203 𝐸 =  
1
2𝛽

(8)

204 Where β represents the mean free adsorption coefficient (mmol2kJ-2), which provides insight 

205 about the adsorption phenomena (physical, chemical, or ion-exchange) 33. 

206

207 2.4.3. Adsorption kinetics

208 Experiments were conducted over 0-300 min with fixed intervals for the assessment of 

209 adsorption kinetics. Pseudo-first order (PFO), pseudo-second order (PSO), and intraparticle 

210 diffusion (IPD) models were implemented for analyzing the kinetics and mechanisms 34,35.  

211 The PFO model assumes a molecular mechanism without dissociation of the adsorbate and is 

212 represented as Eq. (9):

213 𝑞𝑒 = 𝑞𝑒(1 ― 𝑒―𝑘1 𝑡 )(9)

214 The PSO model is based on the assumption of chemisorption governing the adsorption process 

215 through sharing and exchange of electrons and is mathematically expressed as Eq. (10):

216 𝑞𝑡 =  
𝑞2

𝑒𝑘2𝑡
1 + 𝑞𝑒𝐾2𝑡(10)
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217 The intraparticle diffusion (IPD) model accounts for the possibility of multiple rate-limiting 

218 steps during adsorption, including boundary layer diffusion and pore diffusion. This model is 

219 particularly useful to identify whether the internal pore structure governs the overall kinetics. 

220 The linear form was applied to the experimental data and is presented in Eq. (11):

221 𝑞𝑡 = 𝐾𝑖𝑑 𝑡
1
2 + 𝐶 (11)

222  Where Kid (mg g⁻¹ min⁻¹/²) is the intra-particle diffusion rate constant indicating the extent of 

223 dye migration within the pores of the adsorbent, and C (mg g⁻¹) reflects the influence of the 

224 boundary layer. The C gives an idea about the thickness of the boundary layer (i.e., the larger 

225 the values of C, the greater is the boundary layer effect).  qt (mg g⁻¹) denotes the adsorption 

226 capacity at time t, and qe (mg g⁻¹) represents the equilibrium adsorption capacity. The constant 

227 K1 (min⁻¹) corresponds to the rate constant of the PFO model, while K2 (g mg⁻¹ min⁻¹) is the 

228 rate constant of the PSO model. The intraparticle diffusion rate constant is denoted by Kid (mg 

229 g⁻¹ min¹/²).

230 2.4.4. Thermodynamic study

231 Adsorption thermodynamics were investigated at 10–50 °C. Gibbs free energy change (ΔG), 

232 enthalpy change (ΔH), and entropy change (ΔS) were determined from equilibrium constants 

233 36 in Eq. (12) and Eq. (13):

234 △ 𝐺 = ―𝑅𝑇𝑙𝑛 (𝐾𝑜
𝐿)(12)

235 ln(𝐾𝑜
𝐿) =

△ 𝑆
𝑅 ―

△ 𝐻
𝑅𝑇 (13)

236 Where R (8.314 J mol-1 K-1) is the gas constant, T (K) is absolute temperature, and 𝐾𝑜
𝐿  is the 

237 equilibrium distribution coefficient, derived from isotherm constants. For the Langmuir and 

238 the Freundlich models, 𝐾𝑜
𝐿  is expressed as Eq. (14) and Eq. (15), respectively:
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239 𝐾𝑜
𝐿 =

 𝐾𝐿 [𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒]𝑜

𝛾  (14)

240 𝐾𝑜
𝐿 =  

𝐾𝐹𝜌
1000  (

106

𝜌 )
1― 

1
𝑛

 (15)

241 Where [adsorbate]O (1 mol L⁻¹) is the standard concentration of adsorbate, γ is the activity 

242 coefficient, and ρ is the density of water. This approach has been adopted in several previous 

243 reports to calculate consistent parameters of thermodynamics 30,37. The Van’t Hoff plot of 

244 ln(𝐾𝑜
𝐿) versus 1/T was employed to estimate ΔH and ΔS from the slope and intercept, 

245 respectively.

246

247 2.4.5. Data analysis 

248 All experiments were performed in triplicate to ensure reproducibility. OriginPro 2024 

249 software was used to analyze the isotherm, kinetic, and thermodynamic data. The goodness-

250 of-fit -fit for each model was assessed by using the correlation coefficient (R²), chi-square (χ²), 

251 and root mean square error (RMSE). A higher R² value coupled with lower χ² and RMSE values 

252 indicated that a strong agreement exists between experimental and predicted data.

253 3. Results and Discussion

254 3.1. Biochar Characterization

255 3.1.1. Ultimate & Proximate analysis 

256 The proximate analysis demonstrated that the yield significantly reduced in 500BC (28.6%) 

257 and 700BC (25.5%) from 46.6% in 300BC, attributed to the major devolatilization for cellulose 

258 and lignin decomposition in high temperatures (> 300°C) 38,39 (Table 1). Subsequently, the 
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259 fixed carbon amount depicted a ~72% increase in 500BC from 300BC, and then attained this 

260 stable value even in 700BC. This phenomenon indicates that the primary devolatilization 

261 process concluded around 500°C, and the major aromatization and char stabilization process 

262 was guided by the slow degradation of residual H and O compounds at elevated temperatures 

263 40. Higher pyrolysis temperatures resulted in substantially higher ash content (300BC: 11.4%, 

264 500BC: 22.6% and 700BC: 25.6%) in biochars, ascribed to the primary devolatilization of 

265 organic components and progressive concentrations of inorganic minerals such as K, Ca, Mg, 

266 Si, etc. The proximate analysis of oven dried raw biomass indicated ~8.5% residual moisture. 

267 Literature reports suggest that sun dried water hyacinth typically retains ~10–15% moisture 

268 depending on ambient conditions 41, which aligns with the expected reduction before oven 

269 drying. The moisture % progressively decreased with temperature in prepared biochars 

270 indicating advanced carbonization and increased hydrophobicity at high pyrolysis temperature.

271 Ultimate analysis revealed that the carbon content in biochar samples demonstrated an 

272 incremental relationship with increasing pyrolysis temperature. The increase from 50.84% 

273 carbon content in 300BC to 56.84% in 500BC and 59.2% in 700BC was driven by dehydration, 

274 decarboxylation, decarbonylation, and cracking reactions, directly correlating to the higher 

275 energy density (high HHV), stable aromatization, increased stability, and pore evolution of 

276 500BC and 700BC 42.  The concomitant shift in the polarity index (calculated as (O+N)/C) 

277 from 0.64 to 0.23, due to subsequent decline of H (5.39% to 1.6%) and O (30% to 11.6%) 

278 content in biochars, reflects this elemental redistribution, as documented by Li et al. (2022) 

279 39(decrease from 0.788 to 0.696 in water hyacinth-derived biochar) and Zhang et al. (2022) 42 

280 (decrease from 0.788 to 0.696 in sludge-derived biochar) in previous studies. Additionally, 

281 decreasing H/C and O/C atomic ratios indicated enhanced aromaticity and carbon condensation 

282 with elevated temperatures. Such structural evolution is generally favorable for dye adsorption, 

283 particularly through π–π electron donor–acceptor interactions with aromatic dye molecules 43.
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284

285 Table 1: Physicochemical attributes of raw biomass and biochars at different pyrolysis 

286 temperatures

Sample Raw Biomass 300BC 500BC 700BC

Yield% — 46.6 ± 0.35ᵃ 28.6 ± 0.45ᵇ 25.3 ± 0.20ᶜ

pH 7.10 ± 1.20ᵃ 7.80 ± 0.17ᵃ 8.30 ± 0.17ᵇ 10.40 ± 0.26ᶜ

C% 37.77 ± 0.55ᵃ 50.84 ± 0.62ᵇ 56.84 ± 0.47ᶜ 59.20 ± 0.50ᶜ

N% 1.98 ± 0.35ᵃ 2.46 ± 0.35ᵃ 2.01 ± 0.31ᵃ 2.03 ± 0.21ᵃ

H% 6.61 ± 0.40ᵃ 5.39 ± 0.40ᵇ 2.18 ± 0.25ᶜ 1.60 ± 0.30ᶜ

O% 44.70 ± 1.31ᵃ 29.95 ± 0.85ᵇ 16.35 ± 0.65ᶜ 11.58 ± 1.06ᶜ

H/C 2.08 ± 0.13ᵃ 1.26 ± 0.10ᵇ 0.46 ± 0.05ᶜ 0.32 ± 0.06ᶜ

O/C 0.89 ± 0.03ᵃ 0.44 ± 0.01ᵇ 0.22 ± 0.01ᶜ 0.15 ± 0.01ᶜ

C/N 22.28 ± 3.90ᵃ 24.07 ± 3.40ᵃ 32.97 ± 5.08ᵇ 34.10 ± 3.54ᵇ

(O+N)/C 1.24 ± 0.04ᵃ 0.64 ± 0.02ᵇ 0.32 ± 0.01ᶜ 0.23 ± 0.02ᶜ

Moisture% 8.54 ± 1.06ᵃ 6.94 ± 0.85ᵃ 2.96 ± 0.45ᵇ 1.04 ± 0.51ᶜ

VOC% 79.56 ± 1.08ᵃ 57.91 ± 1.06ᵇ 33.55 ± 0.57ᶜ 33.27 ± 0.45ᶜ

Ash content 

%
8.92 ± 1.06ᵃ 11.36 ± 0.25ᵇ 22.62 ± 0.20ᶜ 25.60 ± 0.86ᶜ

Fixed carbon 

%
2.98 ± 1.85ᵃ 23.80 ± 1.38ᵇ 40.87 ± 0.75ᶜ 40.09 ± 1.10ᶜ

287 Values are expressed as mean ± standard deviation (n = 3). Superscript letters (a, b, c) within a 

288 row indicate statistically significant differences among biochar samples at p < 0.05, determined 

289 by one-way ANOVA.

290 3.1.2. Fourier transform infrared (FTIR) analysis
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291 FTIR spectroscopy was employed to identify the chemical functional groups present on the 

292 surface of biochars. The FTIR spectra of all biochars, along with the raw biomass, are presented 

293 in Fig. 1a. The FTIR results revealed notable changes as the evolution of some new groups at 

294 higher pyrolysis temperature. In addition, loss of some functional groups originally present in 

295 the feedstock gradually diminished, particularly in 500BC and 700BC. These groups are known 

296 to influence their sorption behavior toward anionic dyes.

297
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298

299

300 Fig 1.  a) FTIR b) X-ray diffractogram of raw biomass (Raw BM) and biochars pyrolyzed at 
301 300 oC (300BC), 500 oC (500BC) and 700 oC (700BC)

302 The band at 3331 cm-1 represented stretching vibrations of -OH group which could be attributed 

303 to the adsorbed water on biochar which was progressively diminished with the increased 

304 pyrolysis temperature 38. An indication of decreased non-polar aliphatic fraction in 500BC and 

305 700BC was observed as the band at 2926 cm-1 (asymmetric C-H stretching) was primarily 
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306 associated with aliphatic functional groups in RawBM and 300BC 39. Furthermore, pyrolysis 

307 temperature contributed to increasing the aromatic C=O and C=C groups indicated by the 

308 bands at 1990 cm-1 and reducing the same around 1719 cm-1 and 1606 cm-1 44–46. Meanwhile, 

309 the phenolic -OH or aromatic CO- stretching vibrations in RawBM and 300BC were indicated 

310 by the band around 1317 cm-1. The polar groups remarkably decreased when heated beyond 

311 300 °C 39.  Strong peaks   at 1020 cm-1 for C-O, C=O bond stretching gradually diminished in 

312 500BC and 700BC, confirming complete thermal decomposition of oxygenated groups, 

313 cellulose, and hemicellulose, which results in volatile evolution and reduction in oxygen 

314 content (30% to 11.6% via ultimate analysis) 47,48. 

315 3.1.3. Surface morphology analysis by Scanning Electron Microscopy (SEM)

316 The scanning electron microscopy analysis revealed a compact and relatively smooth raw BM 

317 surface with minor observable porosity (Fig. 2a). This feature is characteristic of 

318 lignocellulosic biomass, as the structural integrity of cellulose, hemicellulose, and lignin limits 

319 the development of accessible pores. Mujtaba et al. (2023) 49 previously observed similar trends 

320 of plant-based materials in their studies. Although the overall morphology of 300BC biochar 

321 remained dense with limited pore formation, slight surface roughness and structural 

322 degradation were initiated as observed in Fig. 2b, attributed to the low pyrolysis temperature, 

323 incomplete volatilization, and minimal disruption in the carbon matrix of the biochar 50. SEM 

324 images of 500BC (Fig. 2c) revealed a porous structure layered with textures and cracks on the 

325 surface. The enhancement in surface heterogeneity and matrix disruption resulted from the 

326 thermal decomposition of cellulose and lignin molecules at 500°C 51. SEM analysis of 700BC 

327 (Fig. 2d) demonstrated a highly porous carbon matrix ascribed to the synergistic impacts of 

328 devolatilization and structural condensation 52. The increased heterogeneity and interconnected 

329 pores facilitate the dye adsorption onto the surface of 700BC through pore filling, electrostatic 

330 interactions, and π-π interactions.  
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331

332 Fig 2. Scanning electron micrographs (SEM) of (a) raw biomass, (b) 300BC, (c) 500BC, and 
333 (d) 700BC, captured at 10,000× magnification. Imaging conditions: accelerating voltage 
334 5.00 kV.

335

336 3.1.4. Elemental composition analysis by Energy Dispersive X-ray Spectroscopy (EDS)

337 Energy Dispersive X-ray Spectroscopy (EDS) analysis (Supplementary file Fig. S2, table 2) 

338 revealed that carbon content gradually increased in the biochar ((30-35% by weight)) with 

339 increasing pyrolysis temperature, along with a simultaneous reduction in oxygen contents to ~ 

340 43% in 500BC and ~ 45% in 700BC, and nitrogen contents to ~ 21% in 500BC and ~ 45% in 

341 700BC. The marked reductions in O and N contents are governed by the concurrent impacts of 

342 thermal degradation of organic components (cellulose, hemicellulose, and lignin) and 

343 condensation of polycyclic aromatic compounds 53,54. The reduction in the polarity index 

344 confirms extensive degradation of hydrophilic groups (O-H and C-O) through dehydration and 

345 decarboxylation (complemented by FTIR). The increment in inorganic elements such as K, Ca, 

346 Si, and Mn in biochars with increasing pyrolysis temperature signifies the concentration effect 
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347 of the inorganic phase with gradual decomposition of the organic matrix. The inorganic 

348 components supply multivalent cations (Ca2+, Mn2+, etc.) to the biochar surface and elevate the 

349 pH of the solution, directly promoting anionic dye adsorption through electrostatic interactions 

350 and ion exchange mechanisms 55,56.     

351 Table 2:  Elemental composition (weight % and atomic %) by EDS of raw biomass and 

352 biochar samples produced at 300°C, 500°C, and 700°C by SEM-EDS analysis.

Raw biomass 300BC 500BC 700BC
Elem

ent
Weight 

%

Atomic 

%

Weight 

%

Atomic 

%

Weight 

%

Atomic 

%

Weight 

%

Atomic 

%

C
31.45 ± 

1.50ᵃ

39.43 ± 

1.80ᵃ

41.08 ± 

1.60ᵇ

49.68 ± 

1.90ᵇ

55.48 ± 

1.80ᶜ

66.79 ± 

2.10ᶜ

53.12 ± 

1.75ᶜ

66.09 ± 

2.10ᶜ

N
3.31 ± 0

.30ᵇ

3.56 ± 0

.35ᵇ

4.12 ± 0

.35ᵃ

4.28 ± 0

.38ᵃ

3.26 ± 0

.30ᵇ

3.37 ± 0

.35ᵇ

2.28 ± 0

.25ᶜ

2.43 ± 0

.28ᶜ

O
57.35 ± 

2.00ᵃ

53.97 ± 

2.20ᵃ

47.77 ± 

2.10ᵇ

43.36 ± 

2.00ᵇ

27.25 ± 

1.50ᶜ

24.62 ± 

1.40ᶜ

26.32 ± 

1.40ᶜ

24.58 ± 

1.30ᶜ

Si
0.68 ± 0

.10ᵃ

0.36 ± 0

.08ᵃ

1.08 ± 0

.12ᵇ

0.56 ± 0

.10ᵇ

1.33 ± 0

.14ᵇ

0.68 ± 0

.10ᵇ

1.05 ± 0

.12ᵇ

0.56 ± 0

.10ᵇ

P
0.79 ± 0

.12ᵇ

0.38 ± 0

.10ᵇ

0.62 ± 0

.10ᵃ

0.29 ± 0

.08ᵃ

0.68 ± 0

.10ᵃ

0.32 ± 0

.08ᵃ

0.72 ± 0

.10ᵃ

0.35 ± 0

.08ᵃ

K
2.66 ± 0

.25ᵃ

1.03 ± 0

.20ᵃ

2.75 ± 0

.28ᵃ

1.02 ± 0

.22ᵃ

4.28 ± 0

.35ᵇ

1.58 ± 0

.25ᵇ

6.15 ± 0

.40ᶜ

2.35 ± 0

.30ᶜ

Ca
2.29 ± 0

.20ᵇ

0.86 ± 0

.18ᵇ

1.32 ± 0

.18ᵃ

0.48 ± 0

.15ᵃ

6.14 ± 0

.40ᶜ

2.21 ± 0

.30ᶜ

8.10 ± 0

.45ᵈ

3.02 ± 0

.35ᵈ
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Mn
1.46 ± 0

.15ᵇ

0.40 ± 0

.10ᵇ

1.25 ± 0

.16ᵃ

0.33 ± 0

.10ᵃ

1.58 ± 0

.18ᵇ

0.42 ± 0

.12ᵇ

2.26 ± 0

.20ᶜ

0.62 ± 0

.12ᶜ

353

354 Values are expressed as mean ± standard deviation (n = 3). Superscript letters (a, b, c, d) 

355 within a row indicate statistically significant differences among biochar samples at p < 0.05, 

356 determined by one-way ANOVA.

357

358 3.1.5. X-Ray diffraction (XRD) analysis

359 X-Ray diffraction results demonstrated characteristic Bragg peaks at 14.7° and 22.8° in raw 

360 water hyacinth biomass (Fig. 1b) associated with two distinct lattice planes (1-10 and 200) of 

361 crystalline cellulose Iβ 57. The gradual dissipation of these peaks with increasing pyrolysis 

362 temperature signifies extensive volatilization of crystalline cellulose domains. The thermal 

363 degradation of organic components and aromatization accelerated the shift towards a more 

364 ordered graphitic and hydrophobic structure of the carbon matrix 24,58. This transformation is 

365 directly supported by the progressive reduction and eventual disappearance of C-O stretching 

366 vibrations at ∼1020-1155 cm-1 as shown in the FTIR spectra (Figure 1a). The emergence of 

367 sharp peaks at 29.9°, 31.4°, 35.1°, and 38.1° for high pyrolysis temperatures (500BC and 

368 700BC) indicates the formation of crystal organic minerals such as KCl, SiO2, and CaCO3 

369 (confirmed by the presence of K, Ca, and Si in EDX) within the BC matrix. Concurrently, a 

370 low intensity peak at 24.4° for 500BC and 700BC corresponding with the (002) diffraction 

371 plane of turbostratic carbon suggests enhanced aromaticity, active adsorption sites, and 

372 intercalation capacity, which aids the adsorption mechanisms of dye molecules 59. 

373
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374 3.1.6. Thermogravimetric Analysis (TGA) and Derivative Thermogravimetry (DTG) 

375 analysis

376 The TGA-DTG analysis demonstrated three distinct thermal degradation stages (Fig. 3), 

377 consistent with the lignocellulosic decomposition pathway 60. The first stage corresponded to 

378 the release of physically bound moisture, low molecular weight hydrocarbons, and light 

379 volatiles at approximately 100°C. Moderate DTG peaks between 150°C and 200°C observed 

380 in raw biomass (Fig. 3a) and 300BC (Fig. 3b) indicate progressive dehydration, and release of 

381 low-molecular-weight volatiles associated with early-stage thermal decomposition 61. 

382 Critically, intense peaks in the 250-350°C range, along with significant mass loss of weight for 

383 300BC, and results obtained from proximity analysis (Table 1) collectively validate the 

384 degradation of inherent hemicellulose and cellulose and incomplete carbonization with some 

385 inbound moisture and volatile matter. In contrast, higher pyrolysis temperatures (500°C and 

386 700°C) resulted in reduced mass and enhanced thermal stability, attributed to the increased 

387 devolatilization and formation of aromatic structures, as confirmed by the comparably higher 

388 thermal conversion observed in BC500 (Fig. 3c) and BC 700 (Fig. 3d) 62. Each biochar sample 

389 displayed broad DTG peaks in the range 350-550°C, ascribed to the characteristic of the 

390 decomposition of carbonaceous residues, partial lignin degradation, and gradual char formation 

391 63. Increasing pyrolysis temperature resulted in broader DTG signals shifted toward higher 

392 temperatures, reflecting the formation of more thermally stable carbon structures, with higher 

393 residual weight percentages of about 23% and 25% for BC500 and BC700, respectively.

394
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395

396 Fig 3:  a) TGA analysis of raw biomass (Raw BM) and biochars pyrolyzed at 300 oC (300BC), 

397 500 oC (500BC) and 700 oC (700BC). b) DTG analysis of raw biomass (Raw BM) and biochars 

398 pyrolyzed at 300 oC (300BC), 500 oC (500BC) and 700 oC (700BC)

399

400 3.1.7. Brunauer–Emmett–Teller (BET) Surface area and Non-Local Density Functional 

401 Theory (NLDFT) for porous structure analysis

402 N2 adsorption-desorption isotherms of biomass and biochars are depicted in Fig. 4. Table 3 

403 represents the results of the BET surface area (m2 g⁻¹), pore volume (cm3 g⁻¹), and pore size 

404 (nm) of raw biomass and biochars, revealing the fact that the physicochemical characteristics 

405 of water hyacinth-derived biochars were strongly influenced by pyrolysis temperature. Raw 

406 biomass exhibited a very low BET specific surface area (~1.25 m2 g⁻¹) and a total pore volume 

407 of ~0.018 cm3/g. Micropore and mesopore volumes were almost absent, and macropores 

408 (calculated by subtraction) dominated, comprising 94% of total pore volume. The isotherm for 

409 raw BM was nearly flat at low to mid relative pressure (P/P₀), with a sharp uptake near P/P₀ ≈ 

410 0.99 (Fig 4a), indicating that pore filling only occurred in large voids and interparticle spaces. 
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411 This matches a type of isotherm dominated by macropores (>50 nm) 64. In Fig. 4b, the BET 

412 surface area slightly increased to ~3.6 m2 g⁻¹, and the mesopore volume became noticeable 

413 (~0.017 cm3g⁻¹) for 300BC. A weak hysteresis loop appeared at high P/P₀, indicating 

414 underdeveloped mesoporosity. The pore size distribution curve showed mesopores around ~20-

415 30 nm (inset: Fig. 4b). The biochars demonstrated Type I and IV isotherms for pyrolysis 

416 temperatures over 300°C 65. 500BC showed substantial advancement with around a 10-fold 

417 increase in surface area (~30.9 m2 g⁻¹) and about a 3-fold increase in total pore volumes (~0.067 

418 cm3g⁻¹) as compared to 300BC. The reduced average pore diameter was 4-5 nm, suggesting 

419 mesoporous characteristics (<2nm). Its isotherm displayed a pronounced hysteresis loop 

420 indicating abundant mesoporosity. The pore distribution curve (Fig. 4c) confirmed the 

421 emergence of structured mesopores, enhancing adsorption potential 66. Biochars pyrolyzed at 

422 700°C demonstrated the most advanced porous structure with about a 7-fold increase of BET 

423 surface area (211.3 m2 g⁻¹) than 500BC (Fig. 4d). The narrow average pore diameter was 1.12 

424 nm. The pore size distribution curve in the inset of Fig. 4d highlighted a major fraction of pore 

425 volume in micropores (~0.115 cm3g⁻¹), diminishing mesopore and macro contributions. The 

426 average pore diameter dropped, consistent with a sharp peak in the micropore range of the pore 

427 size distribution curve. The adsorption-desorption isotherm at 700°C exhibited steep uptake at 

428 low relative pressures, a rapid increase of gas adsorption in the range of 0.9<P/PO<1.0, and a 

429 wide hysteresis loop, characteristic of micropore (<2 nm) filling and capillary condensation 67. 

430 Such structural evolution of biochar at 700°C contributed to the highest dye adsorption capacity 

431 through the pore-filling mechanism due to the higher specific surface area and pore volume.
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432

433 Fig. 4. N2 adsorption-desorption isotherm of a) raw biomass (Raw BM) and biochars 
434 pyrolyzed at b) 300°C (300BC), c) 500°C (500BC) and d) 700°C (700BC) (inset: pore 
435 size distribution by NLDF GCMC model)

436

437 Table 3: Textural properties of the prepared raw biomass and different biochars

Sample

BET 

surface 

area 

(m² 

g⁻¹) 

Total pore 

volume 

(cm³/g, 

P/P₀≈0.99) 

Micropore 

volume 

(cm³ g⁻¹) 

Mesopore 

volume 

(cm³ g⁻¹) 

Macropore volume 

(cm³ g⁻¹) 

Average 

pore 

diameter 

(nm) slit
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Raw 

BM
1.25 0.018 … 0.001 0.017 30.40

300BC 3.59 0.023 … 0.017 0.006 22.13

500BC 30.88 0.067 0.004 0.028 0.035 4.40

700BC 211.31 0.198 0.115 … … 1.12

438                                                                                            

439 These results collectively highlighted the progressive development of micro-, meso-, and 

440 macroporosity with increasing pyrolysis temperature, in agreement with previous studies 

441 showing that higher temperatures promote pore densification due to loss of volatiles, surface 

442 area enhancement, and hysteresis loop expansion due to capillary effects and pore network 

443 restructuring 68,69. Surface areas of all biochars produced in the present study were notably 

444 higher than those reported for water hyacinth–derived biochars in previous literature 38,70. A 

445 table is shown comparing the surface area of different biochars derived from lignocellulosic 

446 biomass (Table 4).

447 Table 4. BET Surface area of biochars derived from lignocellulosic biomasses at different 

448 pyrolysis temperatures.

80Pristine Biochar
Pyrolysis 

temperature (°C)

BET Specific Surface 

area (m2 g-1)
References

Water hyacinth 300, 500, 700 3.5, 19.5, 211 This study

Water hyacinth
300, 500, 700 1.1, 29.8

Gezahegn et al., 2025 

38

Water hyacinth 300, 500, 700 2.5, 8.1, 20.9 Liu et al., 2020 70

Water hyacinth 300, 500, 700 3.5, 6.7, 175.4 Li et al., 2016 71

Water hyacinth 600 236.4-347.2 Irewale et al., 2025 72
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African almond 

leaves
700 241

Jabar et al., 2022 73

pine wood 300, 500 1.2,393 Handiso et al., 2024 74

oil palm 500 0.25-4.4
Palamanit et al., 2019 

75

Sawdust 350, 450, 550 2.5,45.7,221
Chowdhury et al., 

2016 76

sugar cane bagasse 350 1.3-5.4 Peres et al., 2022 61

pitch pine 300, 400, 500 2.9,4.8,175.4 Kim et al., 2012 77

wood 700 612
Burachevskaya et al., 

2023 78

rice husk 700 231
Avramiotis et al., 

2021 79

sunflower seed 

husk
450 3.85

Saleh et al., 2016 80

wood chips 500 196
Chiu & Huang, 2020 

81

449

450 3.2. Point of zero charge (pHpzc) and influence of pH

451 Initial solution pH plays a decisive role in adsorption, as it governs both the ionization of dye 

452 molecules and the surface charge of adsorbents 82. The surface pH of the biochars increased 

453 from 8 at 300 °C to a strongly alkaline 10.2 at 700 °C (Table 1). This rise can be attributed to 

454 the formation of mineral-rich phases, enhanced aromaticity, and a reduction in oxygen-

455 containing functional groups at higher pyrolysis temperatures 83,84. These trends were further 
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456 supported by the higher mineral content observed in the elemental analysis (Table 1) and the 

457 decreasing H/C and O/C ratios with temperature in the ultimate analysis (Table 1). The point 

458 of zero charge (pHpzc) values for 300BC, 500BC, and 700BC were determined as 8.2, 9.0, and 

459 10.3, respectively (Fig. 5a), indicating that the surfaces were positively charged when the 

460 solution pH < pHpzc and became negatively charged at pH > pHpzc.  As shown in Fig. 5b, all 

461 biochars exhibited the highest adsorption of Reactive Yellow 176 at strongly acidic conditions 

462 (pH 3), which can be attributed to the strong protonation of surface functional groups that 

463 enhances electrostatic attraction toward the dye’s sulfonate (–SO₃⁻) and sulfatoethylsulfone (–

464 OSO₃⁻) moieties 85,86. On the contrary, the adsorption capacity decreased gradually as solution 

465 pH increased and electrostatic repulsion between negatively charged biochar surfaces and dye 

466 anions became dominant. This may be attributed to the fact that, in a basic medium, dye 

467 removal is lower due to the competition between OH⁻ ions and dye anions for the same active 

468 sites on the biochars, a trend supported by the findings of Aichour, Zaghouane-Boudiaf, & 

469 Khodja (2022) 87. At neutral pH 7, however, the removal efficiencies followed the order 700BC 

470 ( ̴ 83%) > 500BC ( ̴ 75%) > 300BC ( ̴ 35%). This trend reflected the combined effect of higher 

471 pHpzc and superior porosity of 700BC, which maintained a net positive charge up to pH ~10.3 

472 and offered abundant accessible sites. Stable adsorption capacity across the pH range 10-12 for 

473 500BC and 700 BC implies that non-electrostatic mechanisms potentially contributed to the 

474 dye adsorption process. 

475 From a practical standpoint, the strong pH dependence of adsorption of reactive dyes has 

476 important implications for real textile wastewater treatment. Industrial textile effluents are 

477 typically discharged at near-neutral to slightly alkaline pH to meet discharge regulations. 

478 Although maximum adsorption occurred at pH 3, adjusting large volumes of wastewater to 

479 strongly acidic conditions may increase operational costs due to significant acid consumption, 

480 corrosion control and additional pH neutralization before discharge. Additionally, this 
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481 adjustment can potentially complicate the downstream treatment process. Therefore, the 

482 comparatively high removal efficiency of 700BC (~83%) at neutral pH 7 highlights its greater 

483 suitability for practical applications compared to 300BC (~35%). Future studies may focus on 

484 surface modification or composite development to enhance adsorption performance under 

485 neutral conditions, thereby improving economic feasibility and scalability.

486

487 Fig. 5. a) pHpzc and b) influence of solution pH on adsorption capacity of biochars pyrolyzed 
488 at 300°C (300BC), 500°C (500BC), and 700°C (700BC)

489

490 3.3. Equilibrium Isotherm analysis

491 Nonlinear fitting of the Langmuir, Freundlich, and DR isotherm models is presented in Fig. 6. 

492 The adsorption isotherm parameters for all biochars pyrolyzed at different temperatures are 
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493 summarized in Table 5. The Langmuir model exhibited the best statistical fit at every pyrolysis 

494 temperature, revealing monolayer adsorption on homogeneous binding sites of the biochar 

495 surface (Table 5). The highest correlation coefficient and lower RMSE and χ² (R² = 0.99; 

496 RMSE = 0.23–0.54; χ² = 0.06–0.35) confirmed the greatest fitness of the model. The calculated 

497 maximum adsorption capacities (qmax,cal) were also consistent with the corresponding 

498 experimental values (qe,exp), further validating the suitability of the Langmuir isotherm model 

499 to describe reactive dye adsorption onto the studied biochars. This agreement may be attributed 

500 to the surface functional groups that provide relatively uniform adsorption energies across the 

501 biochar surface during dye uptake 88.
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502   

503

504 Figure 6. Non-linear Isothermal model fitting for dye adsorption onto all biochars. a). 
505 300BC, b). 500BC, and  c). 700BC (biochar loading = 3 g/L; pH = 7, temperature = 
506 30±2 oC, time contact = 300 min, stirring rate = 150 rpm)

507 Table 5: Adsorption isotherm parameters of different biochars

Bioch

ar
Langmuir Freundlich

Dubinin-Radushkevilch 

(D-R) 
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qmax, (mg 

g-1)

8.59 ± 

0.39

KF (mg1-1/n  g-1 

L1/n)

1.22 ± 

0.02

qmax (mg g-

1)

6.37 ± 

0.04

KL (L mg-

1)

0.03 ± 

0.01
n

2.79 ± 

0.03
β 20 ± 0.86 

Reduced χ² 0.06 Reduced χ² 0.12
Reduced 

χ² 
0.88

R2 0.99 R2 0.96 R2 0.89

300B

C

RMSE 0.23 RMSE 0.51 RMSE 0.86

qmax, (mg 

g-1)

17.77 ± 

0.64

KF (mg1-1/ng-1 

L1/n)

4.02 ± 

1.02

qmax (mg g-

1)

14.59 ± 

0.07

KL (L mg-

1)

0.08 ± 

0.01
n

3.35 ± 

0.69
β

6.81 ± 

0.22 

Reduced χ² 0.35 Reduced χ² 3.59
Reduced 

χ² 
3.88

R2 0.99 R2 0.92 R2 0.92

500B

C

RMSE 0.54 RMSE 1.73 RMSE 1.8

qmax (mg g-

1)

19.68 ± 

0.41

KF (mg1-1/ng-1 

L1/n)

5.21 ± 

1.19

qmax (mg g-

1)

16.33 ± 

1.15

KL (L mg-

1)

0.12 ± 

0.01
n

3.63 ± 

0.75
β

3.58 ± 

1.32 

Reduced χ² 0.18 Reduced χ² 4.83
Reduced 

χ² 
4.58

R2 0.99 R2 0.92 R2 0.93

700B

C

RMSE 0.39 RMSE 2.01 RMSE 1.95

508 *Values= mean±SD
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509 The Langmuir separation factor (RL) values ranged from 0.14 to 0.77 for 300BC, 0.06 to 0.56 

510 for 500BC, and 0.03 to 0.36 for 700BC, indicating favourable adsorption (0 < RL < 1) across a 

511 wide range of initial dye concentrations (10–200 mg L⁻¹). The notable decrement in RL values 

512 with increasing KL and Co values indicates enhanced adsorption conduciveness for 500BC and 

513 700BC 89,90.

514 Alternatively, the Freundlich model demonstrated a reasonably strong fit (R2= 0.92-0.96), 

515 suggesting that the irregular three-dimensional porous carbon matrix, combined with its large 

516 surface area (Fig. 2), facilitated the adsorption mechanism of dye molecules. The favourable 

517 Freundlich intensity factor (1/n) values (0.28-0.36) confirm high surface heterogeneity of 

518 biochar matrices consisting of a variety of binding sites with different energy levels, which 

519 effectively promote high pollutant affinity even at low concentrations. 

520 The Dubinin–Radushkevich (D–R) model exhibited increasing R² values (0.89, 0.92, 0.93) 

521 with rising pyrolysis temperatures. This indicated a potential contribution of pore-filling 

522 mechanisms, particularly for 500BC and 700BC. However, higher RMSE and χ² values 

523 revealed that its overall fit was comparatively weaker. Although the D–R model approximated 

524 qmax values across all biochars, it did not provide statistically significant goodness-of-fit. The 

525 mean adsorption energy (E), derived from the D–R model, ranged between 0.158 and 0.362 

526 kJ/mol, indicating that the adsorption of dye molecules onto biochar surfaces occurs 

527 predominantly through physisorption 91. To encapsulate, the Langmuir isotherm model was 

528 identified as the most appropriate and was therefore employed for subsequent analysis. 

529 Table 6 compares the maximum adsorption capacities (mg g-1) of some anionic reactive dyes 

530 on pristine water hyacinth-derived biochar with those of other non-modified biochars reported 

531 in previous literature. The maximum dye uptake values were presented as calculated from their 

532 corresponding isothermal models. In this study, the adsorption performance of water hyacinth-

Page 33 of 55 RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 9
:2

4:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SU00918A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00918a


33

533 derived biochar was comparable to or even higher than some of the nonactivated biochars 

534 derived from diverse biomass sources, e.g., banana peel, coffee fruit shell waste, Macadamia 

535 nut residue, Mahagoni wood and bark, etc. Some pristine biochars showed higher adsorption 

536 efficiency, attributed to differences in dye composition, dye class, and the feedstock type. 

537 Several reports also revealed enhanced dye uptake following modification or activation 

538 treatments of pristine biochars 92. Considering pyrolysis without any further modification or 

539 activation, the capacity of this biochar confirmed its suitability as a sustainable and competitive 

540 adsorbent for the abatement of reactive dyes.

541 Table 6. Comparison of some reactive dye adsorption on various pristine biochar

Name of 

pristine 

biochar

Pyrolysis 

temperature 

(oC)

Reactive 

Dye
Experimental setup

 

Maximum 

dye 

adsorption 

capacity 

by 

Langmuir 

isotherm  

(mg g-1)

Reference

Water 

hyacinth
700oC

Reactive 

yellow 

176

initial dye conc: 10-

200 mg L-1, pH: 7, 

temp 30±2oC, 

contact time: 300 

min, dose : 3.0 g L-1

19.68 This study

Al-based 

waterworks 

sludge

800oC

Reactive 

yellow 

176

initial dye conc: 10-

160 mg L-1, pH: 5.5, 

temp 20oC, contact 

time: 480 min, dose : 

3.3 g L-1

32.154
Wei et al. 

(2023) 93
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Banana 

peel
500oC

Reactive 

black B

initial dye conc: 25-

150 mg L-1, pH: 3, 

temp 27±2oC, 

contact time: 120 

min, dose : 8 g L-1

7.58
Kapoor et al. 

(2022) 94

Coffee 

fruit shell 

waste 

300oC

Remazol 

yellow 

FG

initial dye conc: 10-

80 mg L-1, pH: 6, 

contact time: 200 

min, dose : 8 g L-1

2.42
Sukarta et al. 

(2025) 95

Seaweed 500oC

Remazol 

brilliant 

blue R

initial dye conc: 50-

500 mg L-1, pH: 2, 

temp 20oC, contact 

time: 480 min, dose : 

3.3 g L-1

92.5

Vijayaraghavan 

& Ashokkumar 

(2019) 18

Groundnut 

shell 
450oC

Reactive 

orange 

16 

initial dye conc: 5-

100 mg L-1, pH: 2, 

temp 35oC, contact 

time: 360 min, dose : 

1 g L-1

80.2

Muralikrishnan 

& Jodhi (2023) 
22

Coconut 

shell
400oC

Remazol 

black B

initial dye conc: 5-

100 mg L-1, pH: 2, 

temp 35oC, contact 

time: 360 min, dose : 

1 g L-1

100.8
Ragunath et al. 

(2023) 16

Mahagoni 

wood  
200oC

Reactive 

red 120

initial dye conc: 5-70 

mg L-1, pH: 3, temp 

25±2oC, contact 

time: 150 min, dose : 

10 g L-1

3.8
Chakraborty et 

al. (2021) 23

Mahagoni 

bark 
200oC

Reactive 

red 120

initial dye conc: 5-70 

mg L-1, pH: 3, temp 

25±2oC, contact 

5.4
Chakraborty et 

al. (2021) 23
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time: 150 min, dose : 

10 g L-1

Rice Husk 450oC
Reactive 

blue 19

initial dye conc: 5-

100 mg L-1, pH: 2, 

temp 35oC, contact 

time: 360 min, dose : 

1 g L-1

98.6

Muralikrishnan 

& Jodhi (2021) 
15

Manihot 

esculenta 

stalk

350oC

Reactive 

yellow 

dye

initial dye conc: 10-

50 mg L-1, pH: 7, 

temp 27±2oC, 

contact time: 45 min, 

dose : 1.5 g L-1

53.47
Gajendiran et 

al. (2024) 96

542

543  3.4. Kinetics and Intraparticle diffusion analysis

544 The kinetic plots and corresponding parameters are illustrated in Figure 7a and Table 7, 

545 respectively. Initially, the dye adsorption rate was rapid, but it gradually stabilized as contact 

546 time progressed. The amount of dye adsorbed onto all biochar samples increased over the 

547 experimental contact time. Kinetic analysis revealed that each biochar sample followed the 

548 pseudo-second order model (R2≈ 0.99, RMSE = 0.6-0.8, and χ2 = 0.01 and 0.04), indicating 

549 that the adsorption mechanism was driven by specific interactions between biochar surface and 

550 adsorbate dye molecules97. The initial rapid adsorption is governed by the electrostatic 

551 attraction between biochar and dye molecules, followed by the subsequent slower stages such 

552 as hydrogen bonding with oxygen-containing surface groups, and π-π interactions between the 

553 aromatic structures of the dye and the graphitic domains of the biochar 87. The presence of 

554 oxygenated functional groups such as -COOH, -C=O, and -OH provided optimum conditions 

555 for chemisorption of anionic dye molecules through electrostatic interactions. This rapid 

556 electrostatic attraction initiated the mass transfer of dye molecules, promoting stronger 
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557 hydrogen bonding, π-π interactions, and electron exchange between dye moieties and biochar 

558 surface 98–100. The intraparticle diffusion (IPD) model, based on the IPD linear model (Table 

559 8), revealed three separate phases in the adsorption phenomena (Fig. 7b), which confirmed that 

560 film diffusion played a pivotal role in the overall adsorption process, followed by intraparticle 

561 diffusion in the second phase, and the third phase was referred to as equilibrium pore saturation. 

562 In Figure 7b, the slope of the first phase (R² = 0.97–0.99) was consistently higher than that of 

563 the second phase (R² = 0.97–0.99). This indicated a faster film diffusion than internal pore 

564 diffusion of dye molecules. This initial phase suggested the presence of abundant active sites 

565 on fresh biochars, which gradually became saturated. About 77%-79% of total dye uptake was 

566 achieved within the initial 15 min for 500BC and 700BC, and >72% in 30 min for 300BC. 

567 After saturation of surface active sites, pore diffusion became dominant in the second stage till 

568 the equilibrium was achieved after 120 minutes. The overall findings suggested that film 

569 diffusion was the primary rate-dominating step, whereas pore diffusion acted as the rate-

570 limiting factor for all biochars 29.
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571

572 Fig. 7: a) Non-linear kinetic fitting model b) Intraparticle diffusion (IPD) model (Linear fit) 
573 c) Van’t Hoff’s plot for dye adsorption onto all biochars

574 Table 7: Kinetic parameters of dye adsorption on biochars

Biochar Pseudo first-order kinetic Pseudo second-order kinetic

qe,cal  (mg g-1) 2.78 ± 0.08 qe,cal  (mg g-1) 3.06 ± 0.04
300BC

K1 (min-1) 0.05 ± 0.01 K2 (g mg⁻¹ min⁻¹) 0.03 ± 0.00

Page 38 of 55RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 9
:2

4:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SU00918A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00918a


38

qe,exp (mg g-1) 2.9

Reduced χ² 0.03 Reduced χ² 0.04

R2 0.97 R2 0.99

RMSE 0.16 RMSE 0.06

qe,cal  (mg g-1) 6.03 ± 0.13 qe,cal (g mg⁻¹ min⁻¹) 6.39 ± 0.04

K1 (min-1) 0.13 ± 0.01 K2 0.03 ± 0.00

qe,exp (mg g-1) 6.3

Reduced χ² 0.11 Reduced χ² 0.01

R2 0.97 R2 0.99

500BC

RMSE 0.31 RMSE 0.08

qe,cal  (mg g-1) 6.60 ± 0.13 qe,cal (g mg⁻¹ min⁻¹) 6.98 ± 0.03

K1 (min-1) 0.14 ± 0.01 K2 (g mg⁻¹ min⁻¹) 0.03 ± 0.00

qe,exp (mg g-1) 6.9

Reduced χ² 0.11 Reduced χ² 0

R2 0.98 R2 0.99

700BC

RMSE 0.31 RMSE 0.06

575 *Values= mean±SD

576 Table 8: IPD parameters (linear fitting)

Biochar Parameters Film diffusion Intraparticle diffusion Equilibrium

C 0.07 ± 0.19 1.34 ± 0.02 2.88 ± 0.05

Kid 0.39 ± 0.05 0.14 ± 0.02 6.79E-4 ± 0.03

RMSE 0.05 0.01 0.01
300BC

R2 0.97 0.99 0.02

500BC C 1.36 ± 0.10 3.86 ± 0.11 5.81 ± 0.19
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Kid 0.91 ± 0.03 0.27 ± 0.02 0.03 ± 0.01

RMSE 0.01 0.02 0.06

R2 0.99 0.99 0.60

C 1.51 ± 0.07 4.52 ± 0.17 6.24 ± 0.11

Kid 1.02 ± 0.02 0.26 ± 0.028 0.04 ± 0.01

RMSE 0.01 0.04 0.03
700BC

R2 0.99 0.97 0.88

577 *Values= mean±SD

578 3.5. Thermodynamic analysis

579 The Van’t Hoff plot (Fig. 7c) was used to estimate the change in thermodynamic parameters, 

580 enthalpy (ΔH), entropy (ΔS), and Gibbs free energy (ΔG) (Summarized in Table 9). The ΔH 

581 values (−27.59 to −45.73 kJ mol⁻¹) indicated that the adsorption process was exothermic in 

582 nature and primarily governed by surface interactions. Physisorption is associated with ΔH 

583 values below 40 kJ mol⁻¹ and chemisorption above ~80 kJ mol⁻¹, however, intermediate values 

584 (40-80 kJ mol⁻¹) may involve combined mechanisms 101. In this study, the ΔH values of 300BC 

585 (-27.59 kJ mol⁻¹) and 500BC (-35.16 kJ mol⁻¹) indicated that the adsorption process is 

586 predominantly driven by weak interactions such as van der Waals forces, electrostatic 

587 attraction, hydrogen bonding, and π–π interactions, rather than by the formation of strong 

588 chemical bonds. Meanwhile, the ΔH value of 700BC (−45.73 kJ mol⁻¹) falls within the 

589 transitional range, suggesting that the adsorption process, even though predominantly 

590 controlled by weak interactions, can be impacted by strong chemical interactions. This 

591 assertion is strongly evident by the superior adsorption capacity demonstrated by 700BC over 

592 300BC and 500BC. Decreased randomness at the solid-liquid interface during adsorption 

593 (suggested by consistent negative ΔS values: −7.98 to −52.38 J mol⁻1 K⁻1) implied that dye 
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594 molecules transition from a highly disordered state in the bulk solution to a more structured 

595 configuration at the biochar–solution interface. The decrease in entropy values can be attributed 

596 to the confinement of dye molecules inside the porous biochar matrices, limiting the 

597 translational and rotational freedom. Moreover, formation of interfacial complexes through 

598 electrostatic interactions, van der Waals forces, and H-bonding, and ordered π–π stacking 

599 interactions between aromatic rings of the RY 176 and graphitic complexes of biochar 

600 synergistically reduce the values of ΔS 101.   The variations in ΔG from -24.71 kJmol-1 to 30.42 

601 kJmol-1 suggest the spontaneity of the adsorption process increased with increasing 

602 temperature, aligning with the mechanisms of physisorption. Nevertheless, 500BC and 700BC 

603 demonstrated superior adsorptive performance induced from the synergistic impacts of the 

604 interconnected porous network, and elevated surface interactions 102,103.  

605 Table 9.  Thermodynamic parameters (ΔG°, ΔH°, ΔS°) of reactive dye adsorption on to all 

606 biochars over the range of 10°C-50°C temperatures

Biochar T (K) ∆H (kJ mol⁻¹) ∆S (J mol⁻¹ K⁻¹) ∆G (kJ mol⁻¹) 

283 -25.20

293 -25.16

303 -25.57

313 -25.24

300BC

323

-27.59 -7.98

-24.71

283 -29.78

293 -28.70

303 -28.70

313 -28.83

500BC

323

-35.16 -19.95

-28.77
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700BC 283 -45.73 -52.38 -30.42

607

608 3.6. Proposed mechanism for dye adsorption

609 Figure 8 demonstrates the probable dye adsorption mechanism onto the biochars. The 

610 adsorption mechanism was governed by their surface interactions and the intraparticle diffusion 

611 process. Kinetic analysis (IPD model) suggested that the initial rapid adsorption of dye 

612 molecules occurred due to film diffusion, succeeded by the rate-limiting step of intraparticle 

613 diffusion 97. The strong fit with the Langmuir isotherm model suggested monolayer adsorption 

614 on the surface 104. Additionally, ΔH values < 50 kJ mol-1 confirm the physisorptive nature of 

615 the adsorption process. Film diffusion facilitated the pore filling mechanism inside the BC 

616 matrix, aiding the van der Waals interactions between the biochar internal surface and dye 

617 molecules. Solution pH (below pHpzc =8.0-10.5) generated a positive charge on the biochar 

618 surface, mediating the electrostatic interactions with the sulfonate groups of dye molecules 56. 

619 Four further concurrent mechanisms- hydrophobic interactions biochar surface and aromatic 

620 rings of the dye, π-π interactions between the electron-rich aromatic complex of the biochar 

621 matrix and the electron-deficient aromatic complex of RY176 dye, ion exchange mechanism 

622 between biochar surface (Cl-, OH-) and dye molecules (-SO3
- ), and H-H bonding between the 

623 -OH, -COOH, -C=O groups on the biochar surface and -SO3
-, -NH2, and -N=N- groups present 

624 in the dye, enhanced the adsorption process 105,106. 700 BC demonstrated superlative adsorption 

625 capacity at 18.3 mg g-1, attributed to its microporosity and largest specific surface area. 

626 Critically, 500BC exhibited a 12.5% decrease in adsorption capacity despite having a 7-fold 

627 lower specific surface. This comparable adsorption capacity resulted from its optimal surface 

628 functionality and superior pore structure (mesoporous, 2-50 nm). Meanwhile, the low surface 

629 area (3.5 m2 g-1) of 300BC and the prevalence of -OH and -COOH on the surface groups 
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630 potentially suppressed the π-π interactions 82, resulting in the lowest adsorption capacity with 

631 7.5 mg g-1.         

632 Previous studies have reported that adsorption of anionic dyes onto mineral-rich biochars can 

633 lead to the displacement of inherent mineral ions during adsorption. XRD analysis revealed the 

634 presence of minerals such as calcite and sylvite, which might have potentially contributed to 

635 ion exchange with dye anions 107. Broadly, pore filling, electrostatic attraction, ion exchange, 

636 π–π stacking or π–electron donor–acceptor interactions, hydrogen bonding, van der Waals 

637 forces, and hydrophobic interactions collectively governed the adsorption process.

638

639 Fig. 8.  Adsorption mechanism of CI Reactive Yellow 176 on water-hyacinth-derived 
640 biochars

641

642 4. Conclusion

643 This study demonstrated that water hyacinth biochar prepared through a facile carbonization 

644 process can effectively eliminate common textile dyes (Reactive Yellow 176) from aqueous 

645 solution. The pyrolysis temperature significantly influenced the surface, textural, and chemical 
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646 properties of the biochar. The specific surface area of the biochar pyrolyzed at 700oC (211.3 

647 m² g⁻¹) increased nearly 59-fold compared to the 300 °C counterpart (3.6 m² g⁻¹) and the total 

648 pore volume (cm³ g⁻¹) exhibited an approximately 7-fold enhancement. The adsorption 

649 followed the Langmuir isotherm model and the pseudo-second-order kinetics. The IPD model 

650 suggested that surface interaction dominated the adsorption process while the pore diffusion 

651 was rate-limiting. Higher calcination temperature assisted in the development of an aromatic, 

652 carbon-rich porous structure, which substantially promoted dye uptake reaching up to 19.68 

653 mg g⁻¹. The negative value of ΔG (−24.71 to −30.42 kJ mol⁻¹), ΔH (−27.59 to −45.73 kJ mol⁻¹), 

654 and ∆S (−7.98 to −52.38 J mol⁻¹ K⁻¹) confirmed the spontaneous, exothermic, and more 

655 ordered nature of the adsorption for all biochars, respectively. The probable adsorption 

656 pathways included electrostatic attractions, π-π interactions, ion exchange mechanisms, H-H 

657 bonding, and hydrophobic interactions. The results indicate that water hyacinth can be a 

658 sustainable and cost-effective bioadsorbent for dye degradation in aquatic environments 

659 particularly when produced at higher calcination temperatures which demonstrated strong 

660 adsorption performance even under near-neutral pH conditions. Future work may focus on 

661 surface modification and regeneration potential to further improve reusability and sorption 

662 efficiency, which could make it more suitable for practical applications. 
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