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Abstract 
 

Adsorption ability of Millet straw derived biochar (BCM) pyrolysed at temperature (300 to 600 oC) on Cd (II) in 

aqueous solution in an optimal operation parameter of pH (2-10), adsorbent dosage 0.3 to 1.1) g, concentration 

(30 to 250 mg/L), contact time (30 to 120) minutes, and temperature (318 to 333) K was investigated. The results 

showed that the biochar derived at higher pyrolysis temperatures (500 to 600 oC) gave maximum uptake of Cd 

(II), this may be attributed to the abundance functional group and high surface area. However, the adsorption 

isotherm study indicated that the adsorption of Cd(II) onto BCM followed Langmuir isotherm with R20.99, 

indicating that the adsorption is monolayer adsorption. Furthermore, the adsorption kinetic study demonstrated 

that the adsorption of Cd by BCM is chemisorption, as Pseudo- Second Order gave the best fitting with the R2 

<0.99. The adsorption thermodynamic on the other hand, revealed that adsorption is spontaneous and endothermic. 

In conclusion, BCM can serve as a cost-effective and eco-friendly adsorbent for heavy metal adsorption.  
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1. Introduction 

World Health Organization characterised potentially toxic elements (PTEs) such as As, Pb, Cd Cr, and 

Hg as hazardous substances (Yang et al., 2024). These elements enter ecosystems through various 

sources, including natural and human activities (such as industrial, transportation, soil mining etc) (Zhu 

et al., 2020). These elements can accumulate in the living tissues, thereby causing various health 

complications, particularly in children (Yahya et al., 2020; Basaran, 2025). Some of these complications 

include kidney disfunction, birth defects, immune system disfunction (Saha et al., 2017; Sa et al., 2022). 

However, considering the fact PTEs are non-biodegradable substance, it is has become imperative to 
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look into an effective route toward remediating the effects of these elements from the contaminated 

environment (Yahya et al., 2020).  

Pollutants such as heavy metals and dyes are removed from wastewater mainly through chemical 

precipitation, adsorption, membrane filtration, ion exchange, and electrochemical treatment. The choice 

of the most effective method depends on factors such as the specific metal involved, the initial 

concentration, and the overall treatment costs (Wang et al., 2009; Errich et al., 2021; Akartasse et al., 

2022; El Hammari et al., 2022; Ayach et al., 2024; S et al., 2017; Sa et al., 2022). 

Biochar, a major product of pyrolysed biomass contains carbon as the major constituent element, as well 

as hydrogen, oxygen, ash, and trace amounts of nitrogen (Guagliano et al., 2026). Owing to it specific 

properties, such as high pH and cation exchange capacity (CEC). The application of biochar as 

wastewater remediating agent continues to draw the attention of many researchers (Wang et al., 2022). 

Meanwhile, studies have shown that biochar can effectively immobilize, decreases bioavailability and 

toxicity of PTEs from aqueous solution (Kumkum & Kumar, 2024). A research conducted by Tabana et 

al (2025) revealed that biochar derived from peanut hulls can effectively immobilized Cr(VI) ion from 

wastewater. Furthermore, study conducted by Zhu et al (2020) showed that a modified biochar (α-

FeOOH@BC) could be an effective remedy material for Cd(II) and As(III) removal from aqueous 

environment.  

 

2. Materials and methods 

Our previous studies investigated the effect of pyrolysis temperature on physicochemical properties of 

millet straw derived biochar, where detailled experimental procedures were highlighted (Abubakar et 

al., 2025). However, in a separate investigation on the effect of pyrolysis temperature on characteristics 

and adsorption of Pb(II) onto millet straw derived biochar from aqueous solution (Abubakar et al., 2025), 

the findings demonstrated that increasing pyrolysis temperature significantly influenced the biochar's 

surface properties and lead adsorption capacity. However, the adsorption behaviour of Cd(II) by the 

same biochar has not yet been investigated. 

 

2.1. Adsorption experiment  

2.1.1. kinetic adsorption experiment 

The adsorption kinetics experiment was conducted, 0.3 g each of the samples of biochar, was added to 

a 50 cm3 centrifuge tube, followed by the addition of 40 cm3 solutions of Cd(II). The initial pH of the 

solutions was adjusted to 6 using 0.1 mol⋅L⁻¹ hydrochloric acid and 0.1 mol⋅L⁻¹ sodium hydroxide. The 

tubes were placed in a mechanical shaker incubator at 37.5 ◦C and agitated at 120 rpm. Samples were 

withdrawn at predetermined time intervals of 5, 5, 10, 15, 20, 30, 60, 90, and 120 minutes, filtered 
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through 0.45 μm, and analyzed for metal ion concentrations using atomic absorption spectrophotometry. 

Kinetic analysis of the adsorption process was performed using the pseudo-first-order, pseudo-second-

order and Elovich kinetics models, and equations are given in (1), (2) and (3), respectively (Dada et al., 

2021):  

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘𝑡)      (1) 

     𝑞𝑡 =
𝑞𝑒
2𝑘2𝑡

1+𝑞𝑒𝑘2𝑡
       (2) 

𝑞𝑡 =
1

𝛽
𝑙𝑛( 1 + 𝛼𝛽𝑡)        (3) 

2.1.2. Isothermal Adsorption Experiment 

Isothermal adsorption experiment was conducted using 0.3 g of BCM samples in a 50 cm3 centrifuge 

tubes. 40 cm3 of Cd metal ion solutions with varying concentrations of 30, 50, 100, 150 and 200 mg⋅L⁻¹ 

was added at an adjusted pH of 6 and 2 using 0.1 mol⋅L⁻¹ hydrochloric acid and 0.1 mol⋅L⁻¹ sodium 

hydroxide. The tubes were sealed and stirred with mechanical shaker at 37.5 oC with agitation at 120 

rpm for 90 minutes. After shaking, samples were centrifuged at 3000 rpm for 5 minutes and subsequently 

filtered through a 0.45 μm Whatman filter paper. The supernatants were collected in centrifuge tubes 

and analyzed for metal ion concentrations via atomic absorption spectrophotometry. The adsorption data 

of biochar samples for Cd(II) fitted using the Langmuir, Freundlich and Temkin isotherm models. 

Equations (4-6) as follow (Hu et al., 2025):  

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
      (4)         

 𝑙𝑛 𝑞 𝑒 = 𝑙𝑛𝐾𝐹 +
1

𝑛
𝑙𝑛 𝐶 𝑒     (5) 

𝑞𝑒 = 𝐵 𝑙𝑛(𝐾𝑇𝐶𝑒)      (6) 

2.1.3. Thermodynamic Adsorption Experiment 

Thermodynamic experiments were performed at 45, 50, 55 and 60 °C. The temperature effect was 

established by adding 0.3 g of each biochar samples with 40 mL containing either 150 or 100mg L−1 

Cd(II) in a temperature-controlled shaker at 45, 50, 55, and 60 ◦C at 120 rpm for 120 min initial solution 

pH 6.0. or 2.0 (Wang et al., 2025). Thermodynamic parameters such as free energy changes (ΔG, J mol-

1), enthalpy changes (ΔH, kJ mol-1), and the entropy changes (ΔS KJ mol-1 K-1) associated with the 

adsorption process was calculated using the relationship given in the following equations: 

  KD= 
𝑞𝑒

𝐶𝑒
       (7) 

∆G= -RTlnKD       (8) 
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ln KD =
∆𝐻

𝑅𝑇
−

𝛥𝑆

𝑅
       (9) 

 

3. Results and discussion 

3.1. Batch adsorption process 

3.1.1 Effect of initial pH 

In determining the biochar active site, the pH of the solution plays a crucial role (Zhao et al., 2020; 

Osman et al., 2024). The pH in the range (2-10) was used to determine the effect it had on Cd²⁺ 

adsorption, and the result is presented in Figure 1. From the result, it can be observed that adsorption of 

Cd2+ onto BCM increased significantly (p<0.05), with the pH values increased from the said ranges, with 

the maximum adsorption at pH 6. However, beyond that the adsorption started to decline, indicating 

surface saturation. This proportional increase in Cd2+ adsorption with pH increase from 2-6 is attributed 

to the reduction in H+ competition with cationic Cd metal as well as deprotonation of adsorbent’s 

surfaces (Zhao et al., 2020). However, the critical pH at which adsorption initiated (the adsorption edge) 

varies systematically, as it occurred at a lower pH for low-temperature biochar’s rich carboxylic groups 

(e.g., BCM400) and at a higher pH for high temperature, high-ash biochar (e.g., BCM600) where 

precipitation predominated (Chen et al., 2023). 

 
Figure 1: Effect of pH on the adsorption capacities of Cd(II) onto BCM 

 

3.1.2. Adsorbent dose 

The number of available sites and surface area depend largely on the biochar dose used, as this directly 

determines adsorbent–adsorbate interaction. Figure 2 shows the result of the effect of BCM dose on the 
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adsorption capacity of Cd(II) prepared at four different temperatures.  The dosage effect of BCM (0.3 to 

1.1 g/40 mL) standard solution on Cd (II) adsorption was investigated by varying the dose while keeping 

other variables constant. The results showed that increasing adsorbent dosage drastically decreases the 

adsorption capacity. This is due to the fact that high adsorbent dosage results in decreased active-site 

saturation (Mutanekelwa et al., 2022). Hence, this causes a decline in the number of covered sites per 

unit mass of adsorbent, reducing the specific surface area, and resulting in a setback in the effective 

adsorption of the adsorbent (Reddy, 2019). 

 

Figure 2: Effect of BCM dose on the adsorption capacity of Cd(II) prepared at four different temperatures 

3.1.3. Adsorption isotherms 

Table 1and Figure 3 show the results of Non-linear Langmuir, Freundlich and Temkin isothermal 

models to assess the effect of concentration on the adsorption of Cd2+ onto BCM. The results 

demonstrated that BCM produced at low pyrolysis temperatures (300–400°C) exhibited comparatively 

low maximum adsorption capacities (Qmax) due to incomplete carbonization, limited pore development, 

and low surface area (Gayathri et al., 2021). Despite the presence of oxygen-containing functional 

groups, the dominance of volatile matter and the absence of well-developed mineral phases constrained 

the number of effective adsorption sites (Di et al., 2025). However, at high pyrolysis temperatures (500–

600°C), the biochar exhibits significantly higher maximum adsorption capacities (Qmax) for Cd 
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compared to low-temperature biochar. This is due to strong influenced of the abundance of surface 

oxygen-containing functional groups, resulting in high Langmuir affinity parameter (RL) values. This 

confirms that chemical affinity rather than surface area controlled Cd²⁺ adsorption onto BCM, 

particularly at lower pyrolysis temperatures (Yuan et al., 2024). Therefore, the isothermal analysis 

reveals a fundamental design principle. BCM pyrolyzed at 500 °C emerged as a high-capacity adsorbent 

for Cd²⁺, with adsorption behaviour that is well predicted by the Langmuir isotherm model Fig. 3. The 

excellent Langmuir fit suggests that Cd uptake on BCM500 occurs predominantly via monolayer 

adsorption on energetically uniform and structurally homogeneous sites (El Hammari  et al., 2023; 

Zhang et al., 2023). 
 

Table 1: Non-linear Langmuir, Freundlich and Temkin Isotherm adsorption parameters for Cd(II) onto 

BCM 

Metal  Biochar   Langmuir     Freundlich    Temkin    

  Qexp. Qmax KL R2 KF n R2 bT KT R2 

 BCM300 8.12 8.25 0.0072 0.997 1.71 3.012 0.820 2.11 0.45 0.91 

Cd(II) BCM400 8.52 8.72 0.0085 0.997 1.74 2.958 0.833 2.23 0.43 0.92 

 BCM500 8.92 9.17 0.0091 0.998 1.77 2.915 0.841 2.36 0.41 0.93 

 BCM600 9.19 9.51 0.0099 0.999 1.89 2.976 0.840 2.41 0.44 0.93 

 

 

Figure 3: Non-linear Langmuir, Freundlich and Temkin isothermal models for adsorption of Cd2+ onto BCM. 

 

3.1.4. Adsorption kinetics studies 

The result of the effect of contact time on the adsorption capacity of Cd(II) by BCM at four different 

temperatures is presented in Figure 4 and Table 2. From Figure 4 it is observed that with the increase 

in time of contact, Cd (II) uptake by the biochar occurred in three stages. The first stage (initial stage), 

which is rapid occurred within the first 15 minutes of the process. This is due to abundance expose 

surface sites, which are quickly occupied at the initial stage and in a shorter possible time. The steeper 

slope, indicating faster initial, due to the abundance of available sites onto the biochar surface (Cuixia 
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et al., 2020). However, the second stage (diffusion stage), this stage is gradually slow with increased in 

contact time, due to decreased in concentration and potential pores diffusion limitation. The final stage 

(equilibrium stage), which was established after 90 minutes for the biochar, which indicates that the 

saturation reached, and that the rate of adsorption equals rate of desorption (Wang et al., 2025).  

However,  the kinetic models showed that that adsorption of Cd(II) onto BCM and produced at low 

pyrolysis temperature (300-400 oC) are commonly best described by the pseudo-second-order (PSO) 

kinetic model (Table 2), indicating that the rate-limiting step is dominated by chemisorption processes 

rather than simple physical diffusion (Long et al., 2023). Similarly, the strong agreement in the metal 

uptake at lower pyrolysis temperatures between experimental and predicted adsorption capacities of the 

PSO models replicates the importance of surface chemical interactions in metal uptake at lower pyrolysis 

temperatures (Teğin et al., 2025). This is due to the fact event at under developed pores at low pyrolysis 

temperature, the relatively abundance of oxygen-containing functional groups, including hydroxyl (–

OH), carboxyl (–COOH), carbonyl (C=O), and phenolic groups, at low pyrolysis temperature biochar 

may show fast uptake due to readily available surface sites suitable for PSO model (Wang et al., 2025). 

 

Table 2: Nonlinear PFO,PSO and Elovich Parameters for Cd (II) adsorption by BCM 

Metal  Biochar  Nonlinear Pseudo-First Order Nonlinear Pseudo-

Second-Order 

Elovich  

  qe exp        qe cal.       KI                  R
2 qe cal        K2                  R

2
     a                      b                      R2 

 BCM300 7.69      7.37     0.304     0.852 7.71     0.0878      0.977 59532.14     2.115          0.81 

Cd (II) BCM400 8.10      7.78     0.306     0.993 8.13     0.0843      0.999 75668.33     2.029          0.99 

 BCM500 8.52      8.18     0.309     0.995 8.54      0.0827      0.998 139473        2.004          0.99 

 BCM600 8.89      8.58      0.333    0.995 8.92      0.0905      0.998 810889.75    2.119         0.99 

 

 
Figure 4: Non-linear PFO, PSO, and Elovich models for the adsorption of Cd (II) at different 

temperatures 
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3.1.5. Adsorption thermodynamic  

In the present study the effect of solution temperature was investigated at intervals of 318 K, 323 K, 

328K, and 333 K. The result is presented in Table 3. The results showed a positive enthalpy change 

(ΔH° > 0), this indicates that the adsorption process is endothermic, meaning that adsorption is favoured 

at higher temperatures (Ata et al., 2023).  

 

Table 3: Thermodynamic Parameters for Adsorption of Cd(II) onto BCM at four different temperatures 

Biochar Temperature (K)  ∆G (Jmol-1) ∆H(Jmo-1) ∆S (KJmol-1) R² 

BCM300 318  -71.55 12743 40.27 0.99 

 323  -273.86    

 328  -435.14    

 333  -690.14    
BCM400 318  -170.04 13404 42.75 0.89 

 323  -477.69    

 328  -523.55    

 333  -867.87    
BCM500 318  -6513.41 12397 59.48 0.95 

 323  -6786.31    

 328  -7176.94    

 333  -7372.95    
BCM600 318  -595.59 16853 54.81 0.97 

 323  -848.45    

 328  -1058.73    

 333  -1441.58    
 

In biochar systems, this behaviour suggests that energy is required to overcome barriers such as 

dehydration of metal ions (Cd2+), specific chemical interaction, diffusion into internal pores, or 

restructuring of surface sites before effective adsorption can occur (Li, 2020). The positive entropy 

change (ΔS° > 0) also observed implies an increase in randomness at the solid–solution interface during 

adsorption. Although adsorption is often intuitively associated with decreased disorder, in aqueous 

systems this apparent contradiction is resolved by considering the desolation of hydrated metal ions. 

When metal ions bind to biochar surfaces, structured water molecules surrounding the ions are released 

into the bulk solution, and increase freedom of the displaced ions (e.g., Ca2+, H+) released via ion 

exchange as well as the large positive ∆S, suggests a greater increase in randomness, after associated 

with process involving ion exchange or dehydration, resulting in a net increase in entropy (Nguyen et 

al., 2025). Additionally, the higher correlation coefficient 𝑅2 values of all the adsorbents are in the range 

𝑅2= 0.89-0.99 Table 3, suggesting that Van’t Hoff’s thermodynamic model provides a good fit to the 

experimental data, and this confirms the reliability of the thermodynamic parameters obtained 

(Sahmoune, 2019). 
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Figure 5: Van’t Hoff’s plot for the adsorption of Cd(II) onto BCM prepared at four different 

temperatures. 

 
 

Conclusion  

Biochar was generated using millet straw at 300-600 oC pyrolysis temperatures to investigate its 

adsorption behaviour on Cd from aqueous solutions. Pyrolysis temperature strong effect on the structural 

and chemical properties of the biochar. Higher (500–600 °C) generated biochar exhibits aromatic 

behaviour, higher surface area, and higher ash content, and all these have positive impact on the biochar 

sorption capacity of metals via precipitation and electrostatic interactions. The adsorption isotherm study 

showed that the adsorption of Cd by BCM, can best be described by Langmuir isotherm model, 

indicating monolayer adsorption on relatively homogeneous sites. Moreover, adsorption kinetic studies 

revealed that the adsorption of Cd onto BCM followed the pseudo-second-order kinetic model, 

indicating that the rate-limiting step is governed by chemisorption involving electron sharing or 

exchange. Thermodynamic analyses showed negative Gibbs free energy (ΔG) values for all systems, 

confirming that the adsorption processes were spontaneous. The positive enthalpy (ΔH) values indicated 

that adsorption was endothermic, while positive entropy (ΔS) values suggested increased randomness at 

the solid–solution interface, likely due to the displacement of water molecules during metal binding.  
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