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A B S T R A C T

Heavy metal contamination is a primary environmental and health concern contributing to organ damage, 
neurological disorders and developmental issues. Adsorption is an efficient, cost-effective method for removing 
heavy metals from contaminated water. In this study, the adsorption of five metals (Cu2+, Ni2+, Pb2+, Ag+ and 
Mn2+) into mesoporous sugarcane bagasse-derived biochar (surface area: 1061.77 m2 g− 1) was investigated 
using multi-component isotherm models, including Extended Langmuir (EL), Extended Freundlich (EF), Modified 
Competitive Langmuir (MCL) and Extended Sips (ES). The biochar was synthesised via KOH activation (1, 1 w/ 
w) followed by pyrolysis at 800 ◦C. The ES model was found to best describe the competitive adsorption 
behaviour. Among the tested metals, Pb2+ exhibited the highest adsorption capacity (605.45 mg/g), followed by 
Cu2+ (501.77 mg/g). Kinetic analysis using pseudo-first-order and pseudo-second-order models confirmed 
chemisorption superiority, specifically for Cu2+, Mn2+, and Pb2+. The rate-limiting step was temperature- 
dependent; intraparticle diffusion dominated at 25 ◦C, while chemisorption prevailed at 55 ◦C. The thermody-
namic analysis (ΔH > 0, ΔG < 0) confirmed that the adsorption process is endothermic and spontaneous under 
the tested conditions. After three regeneration cycles, the biochar structure stability is confirmed with evidence 
of full adsorbate removal.

1. Introduction

Heavy metal pollution in water supplies has reached a crisis level, 
sullying drinking water and limiting sources of clean water for devel-
oped and developing nations, preventing the realisation of the United 
Nation's Sustainable Development Goal 6 – Clean Water and Sanitation. 
A long-term study over 45 years concluded that the average concen-
tration of 12 heavy metals in rivers and lakes around the globe, has 
increased. Many of these sites have developed from single metal 
contamination into areas with rich mixtures of varying heavy metals 
such as; copper, nickel, manganese and lead [1]. This increase in metal 
concentration has introduced wider health risks among humans, espe-
cially through the ingestion of heavy metals due to proximity and 
exposure to contaminated bodies of water. The ingestion of heavy metals 
via the oral route is a common pathway of exposure. Elevated concen-
trations of these metals can severely impact multiple organ systems, 
leading to neurological impairments, respiratory complications, 

carcinogenic effects, gastrointestinal obstruction, and osteoporosis 
[2,3]. Research indicates that children are more vulnerable to these 
health risks than adults, with 21.6 % of non-carcinogenic risks and 53.2 
% of carcinogenic risks exceeding the recommended safety thresholds 
[4]. Lead exposure constitutes a substantial public health burden. Ac-
cording to estimates from the Institute for Health Metrics and Evaluation 
(IHME), lead exposure was responsible for over 1.5 million deaths 
worldwide in 2021, predominantly due to its cardiovascular effects [5]. 
The IHME also reported that nickel exposure caused 9850 deaths glob-
ally in 2021 [6]. Furthermore, approximately one in three children 
worldwide (~800 million) have blood lead levels of ≥5 μg/dL, a con-
centration at which medical intervention is advised as it is linked with 
high blood pressure as well as damaging the brain and kidneys [7].

One key problem with addressing metal contamination in humans is 
its resistance to decomposition, making digestion harder. Thus, it ac-
cumulates and stays in the body of a living organism for extended pe-
riods, a phenomenon known as bioaccumulation [2]. This contributes to 
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the biomagnification of heavy metals, where the concentration of con-
taminants increases as they travel up the food chain through con-
sumption of food contaminated by heavy metals [8]. As a result, 
addressing the presence of specific metals based in contaminated water 
systems rather than widespread remediation is paramount.

Another contributing factor to heavy metal contamination in water is 
the global proliferation of Waste Electrical and Electronics Equipment 
(WEEE), colloquially known as e-waste. According to the World Health 
Organization (WHO), in 2022, 62 million metric tonnes of e-waste were 
generated. Of these, only 22.3 % were recycled [9]. It is predicted that 
by 2030, global e-waste production will reach 74 million metric tonnes 
[10]. Household electrical appliances, especially personal computers 
(PCs) and mobile phones, contribute to approximately 50 % of the 
overall e-waste production [11]. The decay and degradation of organic 
waste, combined with general household waste, creates an acidic or 
basic environment, depending on the type of waste referred to as a 
leachate. This process digests metals in the e-waste into an aqueous 
phase, this will then percolate through the ground and contaminate 
groundwater, with rainwater often facilitating the transfer of metals. 
Through infiltration and transport systems, metal-contaminated water 
can reach tributaries or areas of land use [12]. Leachable metals include 
Cu, Cd, Cr, Mn, Ni, Co, Ta, W, Nd, Pb and Al. For instance, the Pb content 
in Random Access Memory (RAM) and the Central Processing Unit 
(CPU) is around 57 and 27 g/dry kg, respectively, while Integrated Drive 
Electronics cables contain approximately 4.4 g/dry kg of Cu and 10 g/ 
dry kg of Ni [13].

Despite the severity of the issue, researchers have explored a variety 
of strategies to mitigate heavy metal contamination [14,15]. One such 
solution is biochar, a sustainable, net-zero adsorbent produced from 
second generation lignocellulosic feedstocks such as rice husk [16,17], 
sugarcane bagasse [18], corn straw [19], food waste [20], and leaves 
[21,22]. Biochar offers a low-cost way to uptake heavy metals from 
water while also being an avenue to reuse organic waste materials that 
would otherwise be disposed of. Biochar is able to separate aqueous- 
metal suspensions through a combination of mechanisms like electro-
static interactions, pore filling, π-electron donor-acceptor interactions, 
hydrophilicity and hydrogen bonding, as well as physical interactions 
such as precipitation [23,24].

The modelling of this process is important for understanding the 
mechanisms governing adsorption, optimising operating conditions and 
predicting the performance of adsorbents in real-world scenarios [25]. 
Adsorption isotherm models, particularly multi-component models, play 
a key role in evaluating the capacity and efficiency of adsorbents in 
removing multiple metal ions simultaneously, offering insights into the 
interactions between adsorbate and adsorbent surfaces, pore size/vol-
ume and available surface area.

While conventional single-component adsorption models such as the 
Langmuir or Freundlich isotherms simplify system behaviour, they do 
not account for the complex competitive interactions that occur in multi- 
metal systems [26]. Multi-component adsorption modelling offers a 
realistic, and comprehensive approach to heavy metal removal 
compared to single-component models. Multi-component models, such 
as the Extended Langmuir, Extended Langmuir–Freundlich, Modified 
Competitive Langmuir, and Extended Sips incorporate interaction co-
efficients, heterogeneity indices and mole fraction parameters to simu-
late these dynamics. This enables accurate predictions of adsorption 
behaviour in binary or multi-component systems. Between 1986 and 
2023, only 1.9 % (401 out of 20,894) of scientific articles on adsorption 
focused on multi-component modelling. Most of these studies investi-
gated binary systems due to the higher complexity involved in modelling 
systems with more components [25].

This work involves modelling the adsorption of five main block 
metals, Cu, Ni, Pb, Ag, and Mn, from a single aqueous solution, using a 
sugarcane bagasse-derived biochar with defined pore structure and 
expansive surface area, under optimised batch conditions, as deduced in 
our previous work [18]. This study selected these metals because of their 

high concentrations in e-waste leachate and their significant toxic effects 
[11,12]. Multi-component models, namely Extended Langmuir, 
Extended Langmuir–Freundlich, Modified Competitive Langmuir and 
Extended Sips, were employed for the adsorption isotherms. Regarding 
the adsorption kinetics, the experimental data were fitted to pseudo- 
first-order (PFO) and pseudo-second-order (PSO) models. Moreover, 
the rate-limiting step that control the adsorption process was deter-
mined by adopting a recently proposed multi-mechanism kinetic model. 
Finally, the thermodynamic feasibility of the multi-component adsorp-
tion process was determined. Together, these modelling efforts aim to 
improve the understanding of multi-metal adsorption and aid in 
designing more effective water treatment systems.

2. Methods

2.1. Experimental procedure

Optimised mesoporous sugarcane bagasse-derived biochar was pro-
duced and activated using the method shown in our previous work [27]. 
Specifically, biochar was created through the 1:1 ratio of leached 
bagasse and KOH and pyrolysed at 800 ◦C before digesting the K resi-
dues in 5 M HCl, generating an effective adsorbent with textural and 
chemical properties summarised in Table 1. Materials were charac-
terised as follows; data pertaining to the parent sugarcane bagasse 
feedstock can be found in prior work [18]. Ultimate analysis (CHN) of 
the biochar was acquired using a LECO CHN628 analyser. Ash content 
was determined using a Mettler Toledo TGA/DSC 1 in air at 30 mL/min, 
with a ramp rate of 10 ◦C/min from room temperature to 750 ◦C, 
holding for 1 h. The morphology and size of biochar grains were 
examined using a Zeiss EVO 60 Scanning Electron Microscope (SEM) at 
10− 2 Pa and an electron acceleration voltage of 20 kV. For high-contrast 
imaging, the sample was coated with Au. Fig. 1 shows SEM images of the 
mesoporous sugarcane bagasse-derived biochar at increasing magnifi-
cation. The surface area and pore volume/size of the biochar were 
analysed at − 196 ◦C using a Micrometrics TriStar porosimeter, prior to 
analysis the sample was degassed for 3 h at 110 ◦C under a nitrogen 
capillary feed.

Batch, multi-metal uptake trials were conducted under parallel 
conditions using a Radley's Starfish reactor platform to ensure identical 
mixing and thermal stability across the trials. Each reactor flask was 
charged with 5 mg of the optimised biochar in a 100 mL reaction so-
lution containing varied metal concentrations of Cu (copper sulfate 
pentahydrate, Honeywell, 98 %) [5–35 ppm], Ni (Nickel (II) nitrate 
hexahydrate, ThermoFisher Scientific, 98 %) [5–35 ppm], Mn (Manga-
nese (II) nitrate tetrahydrate, Sigma-Aldrich, ≥97 %) [5–35 ppm], Pb 
(Lead (II) chloride, ThermoFisher Scientific, 99 %) [2.5–20 ppm] and Ag 
(Silver nitrate, ThermoFisher Scientific, ≥99 %) [2.5–20 ppm]. Each 
reactor was operated at 25 ◦C, at atmospheric pressure, stirring at 300 
rpm and configured to pH 10. These conditions were previously found to 
be the optimum conditions for the biochar to maximise Cu (II) removal 
[18]. Aliquots were removed (2 mL) from each batch reactor temporally 
across 0, 2, 5, 8, 13, 20, and 30 mins and diluted to a total volume of 10 
mL. Diluted samples were then analysed via Inductively Coupled Plasma 
Optical Emission Spectroscopy (ICP-OES) (iCAP 7400 Radial, Thermo 
Scientific) without any additional digestion. All experiments were per-
formed in triplicate to ensure the consistency and reproducibility of the 
data.

Table 1 
Textural and chemical properties of the optimised mesoporous bagasse biochar.

mKOH/ 
mSCB

C (wt 
%)

H 
(wt 
%)

N 
(wt 
%)

Ash 
(wt 
%)

BET 
Surface 
Area 
(m2 g− 1)

Pore 
volume 
(cm3 

g− 1)

Average 
pore 
diameter 
(nm)

1.00 44.60 2.43 0.24 24.56 1061.77 0.33 5.70
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The regeneration and reusability of the biochar were evaluated 
through a series of three adsorption–desorption cycles. A mixed-metal 
solution was prepared containing Cu2+, Ni2+, and Mn2+ at 15 ppm 
each, and Pb2+ and Ag+ at 10 ppm each. A total of 210 mg of the 
optimised biochar was added to the solution, and the pH was adjusted to 
10 using 0.2 M HCl or 0.2 M NaOH. The suspension was stirred at 300 
rpm for 0.5 h at 20 ◦C to ensure equilibrium.

After adsorption, the biochar was recovered by centrifugation 
(Thermo Fisher Sorvell ST16 centrifuge, 6000 rpm for 0.25 h) followed 
by refluxing in 200 mL of 5 M HCl for 0.5 h to digest adsorbed metals. 
The biochar was then filtered and washed thoroughly with deionised 
water until the washings became colourless. A portion of the regener-
ated biochar was dried overnight (Fisherbrand gravity convection at 
105 ◦C) and taken for XRD analysis. A Powder X-ray diffraction (PXRD) 
with monochromated Cu Kα radiation (λ = 0.1542 nm) on a PANalytical 
Empyrean series 2 diffractometer was used, sample mounting utilised a 
small amount of vacuum grease due to low sample size. This regenera-
tion cycle was repeated three times to assess the stability and reusability 
of the biochar in multi-metal adsorption systems.

2.2. Adsorption modelling

2.2.1. Isotherm models
Adsorption isotherm models describe the relationship between the 

concentration of adsorbate in the liquid phase and the amount adsorbed 
onto the solid phase, providing valuable insights into the adsorption 
capacity of a material. These models are essential for understanding the 
mechanisms of adsorption and the interactions between adsorbates and 
adsorbents. By analysing adsorption isotherms, the efficiency of adsor-
bents in removing heavy metals from aqueous solutions can be evalu-
ated. Herein, four multi-component adsorption isotherm models were 
used to fit the experimental equilibrium data, namely Extended Lang-
muir (EL) [28], Extended Langmuir–Freundlich (LF) [29], Modified 
Competitive Langmuir (MCL) [30], and Extended Sips (ES) [31], as 
provided in Eqs. (1) to (4): 

EL model : qe,i = qm,i
KL,iCe,i

1 +
∑N

j=1
KL,jCe,j

(1) 

LF model : qe,i = qm,i
KLF,i C

1
ni
e,i

∑N

j=1
KLF,j C

1
nj
e,j

(2) 

MCL model : qe,i = qm,i

KL,i
Ce,i
ηL,i

1 +
∑N

j=1
KL,j

Ce,j
ηL,j

(3) 

ES model : qe,i = qm,i
Ks,i Cm

e,i

∑N

j=1
KLF,i Cm

e,i

(4) 

Where qm,i is the maximum adsorption capacity (mg/g), Ce,i is the heavy 
metal ion concentration at equilibrium (mg L− 1), K is the isotherm 
constant, ni is the Freundlich model exponent, η is the correction factor 
of the Langmuir model, m is the Sips model exponent, and qe,i is the 
amount of metal ions adsorbed at equilibrium per mass unit of adsorbent 
as given by Eq. (5): 

qe =
(Ci − Ce) V

M
(5) 

Where Ci is the initial concentration of metal ion (mg L− 1), V is the 
solution volume (L), and M is the mass of the adsorbent (g). For each 
model, the parameters and constants were determined using the “solver 
add-in” in Microsoft Excel, aiming to maximise the average correlation 
coefficients R2 of all metal ions. The solver uses the Generalized Reduced 
Gradient (GRG) Nonlinear engine for smooth nonlinear correlations 
with a convergence of 0.0001 and a population size of 100.

2.2.2. Kinetics models
To understand the mechanisms of heavy metal ion adsorption into 

KOH-activated bagasse-derived biochar and the key factors governing 
sorption kinetics, experimental data were fitted to PFO and PSO models 
(Eqs. (6) and (7)). These models evaluated the adsorption rate and 
identified the dominant kinetic processes. The analysis provides insights 
into the rate-controlling steps and adsorption mechanism. 

PFO : qt = qe
(
1 − e− k1 t) (6) 

PSO : qt =
qe

2k2t
1 + k2qeqt

(7) 

Where qt and qe are the adsorption capacity, time = t and time = ꝏ (mg/ 
g), respectively, and k1 and k2 are the adsorption rate constants of the 
first (min− 1) and the second-order kinetic models (mg/g− 1.min− 1), 
respectively.

2.2.3. Adsorption thermodynamics
Determining the enthalpy, entropy, and Gibbs free energy of heavy 

metal adsorption facilitates the understanding of thermodynamic 

Fig. 1. SEM images at increasing magnification of 1.00 mKOH/mSCB mesoporous biochar.
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feasibility of the process. Enthalpy reveals whether the process is 
exothermic or endothermic, while entropy indicates changes in disorder. 
Gibbs free energy determines whether adsorption is spontaneous, 
providing crucial insights into the practical viability of the process for 
applications like water treatment. The change in enthalpy (ΔH) and 
entropy (ΔS) were determined by the linear regression of the Van't Hoff 
equation (Eq. (8)): 

ln(Kc) = −
ΔH
R

1
T
+

ΔS
R

(8) 

Where R is the gas constant (8.314 J. mol− 1 K− 1), T is the temperature 
(K), and Kc is the adsorption equilibrium constant, which is defined as 
the ratio of the activity of the adsorbed ions on the biochar to its activity 
in the liquid phase at equilibrium. ln(Kc) was determined as an intercept 
by plotting ln(qe/Ce) against Ce and extrapolating the data to Ce = 0 
[32]. Lastly, the free energy change (ΔG) was determined from Eq. (9). 

ΔG = ΔH − TΔS (9) 

The activation energy (Ea) and the pre-exponential factor (A) of the 
chemosorption was estimated by the linear fitting of the Arrhenius 
equation (Eq. (10)), where ln(k) was plotted against 1

T for each metal. 

The values of Ea and A were obtained from the gradient and the y- 
intercept, respectively. 

ln(k) = −
Ea

R

(
1
T

)

+ ln(A) (10) 

Where k is the adsorption rate constant obtained from PSO model.

3. Results and discussion

3.1. Equilibrium studies

Fitting the experimental data using competitive adsorption isotherm 
models revealed that the ES isotherm model provided the best fit, with 
an average R2 value of 0.93, followed by the MCL model, with an 
average R2 of 0.80. Fig. 2 compares the R2 values for data fitting of each 
heavy metal ion across all models. While some models showed high R2 

values for certain metals, others did not perform as well. The EF model 
incorporates elements from both the Langmuir and Freundlich models. It 
is particularly useful for describing adsorption processes in systems 
where adsorption behaviour deviates from the ideal Langmuir isotherm, 
particularly on heterogeneous surfaces with sites of varying affinities. A 

Fig. 2. The average correlation coefficients R2 of all metal ions data fitting from different isotherm models.

Table 2 
The parameters of competitive adsorption isotherm models.

Model Parameters Heavy metal ions

Ni2+ Cu2+ Mn2+ Pb2+ Ag+

ES qm,i (mg/g) 494.0 501.8 414.0 605.6 468.9
Ks 0.002 0.026 0.015 0.027 0.012
m 1.00 0.68 0.45 1.00 0.96
R2 0.91 0.94 0.90 0.96 0.93

MCL qm,i (mg/g) 6886.1 985.2 9027.6 14,277.4 9686.0
KL 0.049 0.233 0.035 1.127 0.042
η (mg L− 1) 5.07 1.82 7.32 73.29 4.24
R2 0.90 0.96 0.67 0.65 0.81

LF qm,i (mg/g) 157,198.5 22,268.0 511,960.0 37,616.0 47,346.6
KLF 0.00001 0.01251 0.00020 0.00501 0.00130
n 1.74 352,410.17 2.76 333,803.43 1.24
R2 0.94 0.00 0.88 0.00 0.92

EL qm,i (mg/g) 1,679,726.5 421,404.2 3,754,213.2 6623.7 151.1
KL 1.11 7.47 0.32 697.38 13,313.58
R2 0.85 0.50 0.83 0.00 0.00
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high value of the coefficient m in Eq. (4) indicates that the adsorption 
process follows the Langmuir isotherm, while lower values of m suggest 
that the adsorption of heavy metals follow the Freundlich isotherm [33].

Table 2 presents the results of the isotherm model fitting for all 
models. The adsorbed concentrations of heavy metals based on the 
experimental data and the ES model are shown in Fig. 3. The findings 
indicate that Pb2+ has the highest adsorption capacity at 605.45 mg/g, 
followed by Cu2+ with 501.77 mg/g. The excellent adsorption perfor-
mance of Pb2+ can be attributed to its relatively large ionic radius 
(~133 pm as a 6-coordinate, octahedral ion) and high electronegativity 
(2.33). The larger size of Pb2+ allows it to block pores, preventing the 
adsorption of other ions, while its high electronegativity enhances its 

affinity for active sites on the biochar surface.
In contrast Cu2+, which has a smaller ionic radius (~87 pm as a 6-co-

ordinate, octahedral ion), exhibits a high electronegativity (2.0), 
contributing to its strong adsorption. Although Ag+ is larger than Cu2+

(~108 pm as a 6-coordinate, octahedral ion), its monovalent nature 
limits its ability to form bonds with the active sites on the biochar sur-
face. Mn2+ demonstrates the lowest adsorption performance, with 
414.02 mg/g, primarily due to its lower electronegativity (1.55). Metal 
ions with higher electronegativity interact more easily with the nega-
tively charged oxygen in hydroxyl groups on the biochar surface [34]. 
Moreover, the adsorption of smaller ions with moderate electronega-
tivity, such as Mn2+ and Ni2+, can be inhibited by larger ions with higher 

Fig. 3. The adsorption isotherms of the heavy metals based on experimental data and ES model.
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charge densities, such as Pb2+. The larger ions can block the pores and 
form stronger bonds with -OH sites on the biochar, reducing the avail-
able surface area for the adsorption of smaller ions. Kong, et al. [35] 
found that the adsorption capacity of heavy metals positively correlates 
with ionic radius. The adsorption behaviour indicates antagonistic in-
teractions, where dominant ions like Pb2+ and Cu2+ outcompete others 
such as Mn2+, Ag+ and Ni2+ for active sites, reducing their uptake. 
Except Cu2+, it is difficult to compare the competitive adsorption ca-
pacity to their single-component case due to data unavailability using 
the same adsorbent. For Cu2+, the equilibrium adsorption capacity is 
lower than that of the signal-ion adsorption, with 389.8 mg/g in the 
present study and 257.3 mg/g in Bongosia, et al. [18], respectively. This 
is likely due to an antagonistic interaction between the ions during the 
multi-component adsorption. Overall, the adsorption capacity of the 
biochar followed the order Pb2+ > Cu2+ > Ni2+ > Ag+ > Mn2+, 
demonstrating strong ion adsorption selectivity.

Fitting the adsorption data of five adsorbates simultaneously using 
multi-component isotherm models is a challenging task, requiring 
longer computational times due to the numerous parameters involved. 
Most studies typically apply multi-component isotherm models to binary 
systems [25], where the complexity is lower and fewer interactions 
between adsorbates need to be considered. The increase in the number 
of components introduces additional complexities, such as competitive 
adsorption and site heterogeneity, making it difficult to obtain accurate 
and reliable model fits. For Pb2+ and Ag+ in the EL and LF models 
(Table 2), an R2 value of zero indicates that the model's assumptions or 
structure fail to adequately describe the experimental data for these 
ions. This could be due to the complex interactions among the 
competing ions, which the models may not be able to capture, or other 
factors specific to these metals which are not accounted for in the models 
might influence the adsorption process [36].

3.2. Kinetics studies

The kinetics of the heavy metal adsorption on biochar were inves-
tigated using PFO and PSO models at 25 ◦C, 35 ◦C, 45 ◦C and 55 ◦C. 
Table 3 displays the kinetic parameters for the heavy metals at different 
temperatures. The experimental and predicted adsorption capacity of 
each metal as a function of contact time at 25 ◦C are shown in Fig. 4. The 

results showed that the PSO model is clearly a better fit for the experi-
mental data, especially for Cu2+, Mn2+ and Pb2+ ions, where the R2 

values are consistently >0.98. This suggests chemisorption or strong 
ion-adsorbent interactions [37,38]. For Ag+, while the PSO model fits 
better than the PFO model, the overall R2 values are lower, indicating 
that the adsorption of Ag+ may involve more complex mechanisms or 
weaker interactions (van der Waals) with the adsorbent [39].

Generally, the rate constant of the PFO model is higher than that of 
the PSO, indicating faster but weaker physical interactions compared to 
the chemical equivalents [40]. The temperature increase enhances both 
the adsorption capacity and the rate constant, particularly for Pb2+, 
which shows the highest affinity for the adsorbent. Temperature in-
creases the ions kinetic energy, hence the frequency of effective colli-
sions in the mixed solution with the biochar surface which explains the 
increase in the rate constant [41].

In order to determine the rate-limiting step that controls the present 
adsorption, the multi-mechanism adsorption kinetic model was used, 
Eq. (11) [42]: 

1
α +

αMq2
e

Vc0qm
− 2

{[

1 − α+
αMqe

Vc0

(

1 −
qe

qm

)]

ln
(

1 −
q
qe

)

+

(

1 −
αMqe

Vc0

)

ln
[

1+

(

1 − α −
αMq2

e
Vc0qm

)
q
qe

]}

= kt

(11) 

Where c0 is the initial concentration of heavy metal ion, α is a dimen-
sionless parameter, and k is an apparent rate constant. The value of α 
indicates the rate-limiting step in the adsorption process. When, α value 
is close to zero, the adsorption is limited to intraparticle diffusion, while 
when α value is close to 1, the film diffusion is the dominant step. If α is 
close to 0.5, this indicates that either chemisorption or physisorption is 
the prevailing step in the process [42]. For each metal ion and tem-
perature, the values of α and k were estimated using the “Solver” add-in 
in Microsoft Excel, as displayed in Table 4.

From Table 4, at low temperatures, α values are relatively low 
indicating that intraparticle diffusion is the limiting step for the 
adsorption of ions. The resistance to mass transfer inside the biochar 
pores controls the adsorption. As the temperature increased to 55 ◦C, α 
values for ions significantly increased, making chemosorption and 
physisorption the dominant steps. The temperature enhances the 

Table 3 
The kinetic parameters of PFO and PSO models.

Temperature (◦C) Model Parameters Heavy metal ions

Ni2+ Cu2+ Mn2+ Pb2+ Ag+

25 PFO qe (mg/g) 231.8 249.6 196.4 196.5 137.3
k1 (min− 1) 0.9066 0.9040 0.8273 0.9537 0.7783
R2 0.93 0.98 0.95 0.89 0.88

PSO qe (mg/g) 234.3 257.3 204.7 204.9 148.5
k2 (mg/g min− 1) 0.0078 0.0071 0.0067 0.0076 0.0061
R2 0.99 0.99 0.99 0.97 0.92

35 PFO qe (mg/g) 232.1 240.2 214.8 178.1 150.4
k1 (min− 1) 0.8856 0.7728 0.8782 0.8904 0.7936
R2 0.96 0.96 0.94 0.99 0.99

PSO qe (mg/g) 234.9 245.7 220.6 182.8 154.4
k2 (mg/g min− 1) 0.0095 0.0074 0.0085 0.0166 0.0153
R2 0.99 0.99 0.98 0.99 0.98

45 PFO qe (mg/g) 252.5 260.8 206.6 173.0 150.9
k1 (min− 1) 0.9395 0.9201 0.9376 0.9669 0.8829
R2 0.97 0.97 0.97 0.95 0.89

PSO qe (mg/g) 262.5 273.9 209.9 177.0 148.5
k2 (mg/g min− 1) 0.0115 0.0088 0.0120 0.0267 0.0155
R2 0.98 0.99 0.99 0.99 0.98

55 PFO qe (mg/g) 252.7 253.1 189.7 165.5 156.7
k1 (min− 1) 0.9233 0.8915 0.9845 0.9376 0.9096
R2 0.91 0.96 0.89 0.93 0.99

PSO qe (mg/g) 249.8 264.1 206.2 168.8 165.5
k2 (mg/g min− 1) 0.0145 0.0109 0.0117 0.0299 0.0149
R2 0.99 0.99 0.96 0.99 0.96
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Fig. 4. The adsorption kinetics of the biochar for heavy metals based on PFO and PSO models at 25 ◦C.

Table 4 
The kinetic parameters of multi-mechanism adsorption kinetic model.

Temperature (◦C) Parameters Heavy metal ions

Ni2+ Cu2+ Mn2+ Pb2+ Ag+

25 α 0.1659 0.1471 0.1178 0.0824 0.0521
k (min− 1) 0.1830 0.2859 0.2699 0.3506 0.3644

35 α 0.2580 0.2648 0.2956 0.3164 0.2456
k (min− 1) 0.1765 0.1498 0.2656 0.2438 0.2922

45 α 0.5495 0.5591 0.4895 0.5451 0.4116
k (min− 1) 0.2052 0.3245 0.2022 0.1821 0.2192

55 α 0.5710 0.5946 0.5142 0.5952 0.5005
k (min− 1) 0.1499 0.1751 0.1679 0.1790 0.2507
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intraparticle diffusion due to the increased kinetic energy of ions 
transporting through the pores, hence the increase in the diffusion co-
efficient [43], as shown in Fig. 5. Overall, the film diffusion is negligible 
in all temperatures due to the agitation of the solution, which increases 
the flow turbulence and reduces the boundary layer around the adsor-
bent particles [44]. To prove the positive impact of temperature on the 
intraparticle diffusion, the intraparticle diffusion coefficient (Di) was 
determined using the following correlation (Eq. (12)): 

Di =
kR2

π2

⎡

⎢
⎢
⎢
⎣

1− α+αmqe
Vc0

(

1− qe
qm

)

2− α−
αmq2

e
V2

c0qm

(
1 +

mqé
V

)
−

αmqé
V

⎤

⎥
⎥
⎥
⎦

(12) 

Where R is the biochar particle radius. For the KOH-activated bagasse- 
derived biochar, R was averaged at 114 μm from SEM images using Fiji 
(ImageJ)2 software (V 1.54 m). The effect of temperature on the intra-
particle diffusion coefficient is shown in Fig. 5. The results indicate that 
the intraparticle diffusion coefficient increases with temperature, which 
is attributed to the enhanced kinetic energy of the ions [45]. This in-
crease in the intraparticle diffusion coefficient suggests a reduction in 
resistance to the transport of ions within the pores of the biochar. 
However, the influence of temperature on the diffusion coefficient di-
minishes at higher temperatures. Clearly, the diffusion coefficients of 
smaller and lighter ions, such as Ni2+, Cu2+, and Mn2+, are higher than 
those of larger and heavier ions like Ag+ and Pb2+, particularly at 
elevated temperatures. Fig. 6 illustrates the proposed external and 

internal diffusion of the metals in the biochar mesoporous network, 
interacting with the carbons and surface hydroxyls.

3.3. Adsorption thermodynamics studies

The thermodynamic study reveals the role of temperature for 
adsorption and to verify whether adsorption occurs spontaneously in 
adsorption processes. The changes in enthalpy and entropy were 
determined by fitting the experimental data according to Eq. (8), as 
shown in Fig. 7. The thermodynamic adsorption parameters and the 
Arrhenius constants are presented in Table 5. The positive enthalpies of 
adsorption for all metals indicate that the process is endothermic, 
becoming more thermodynamically favourable at higher temperatures.

The high ΔH of Pb2+, Cu2+ and Ni2+ indicates stronger, more ener-
getically demanding interactions between the metal ion and the adsor-
bent [46,47]. Pb2+ has a large ionic radius coupled with high 
electronegativity, enabling it to form the strongest binding interactions. 
In contrast, Cu2+ and Ni2+ despite their smaller ionic size, exhibit higher 
electronegativity compared to Mn2+ and Ag+. Metal ions with greater 
electronegativity more easily interact with the negatively charged oxy-
gen in hydroxyl functional groups, enhancing their adsorption affinity 
[34].

The positive entropy changes suggest that the adsorption of heavy 
metals onto biochar is a spontaneous process under the given conditions. 
The spontaneity of the process is further confirmed by the negative 
values of Gibbs free energy, which decrease as temperature increases. 
This indicates that higher temperatures accelerate the adsorption pro-
cess. These thermodynamic parameters provide key insights that influ-
ence the practical design and optimization of heavy metal adsorption 
processes. KOH-activated bagasse-derived biochar spontaneously 
removes the Pb2+, Cu2+ and Ni2+, the metals with known toxicological 
profiles and health impacts, from an aqueous solution. Moreover, the 
adsorption rate increases with temperature due to the endothermic na-
ture of the process.

Regarding the kinetics parameters, the Ea values range from 11.68 to 
37.74 kJ/mol, suggesting that the adsorption processes are predomi-
nantly physical to moderately chemical. Pb2+ exhibited the highest Ea 
(37.74 kJ/mol), indicating a stronger interaction and higher energy 
barrier for adsorption, consistent with its highest adsorption capacity 
and preference for chemisorption. However, Pb2+ has a significantly 
high A value (35,810.4 mg/g min− 1), supporting its strong affinity and 
frequent interaction with the adsorbent surface. In contrast, Cu2+

showed the lowest Ea (11.68 kJ/mol), suggesting faster and more 
energetically accessible adsorption.

3.4. Stability of biochar after regeneration

The structural stability of the biochar after repeated 

Fig. 5. The effect of temperature on the intraparticle diffusion coefficient.

Fig. 6. The external and internal diffusion of the heavy metals in the biochar structure.
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adsorption–desorption cycles was evaluated using XRD analysis, as 
shown in Fig. 8. The diffractograms for Cycle 1, Cycle 2, and Cycle 3 
reveal consistent structural features, indicating that the biochar main-
tains its framework after multiple regeneration steps.

Three key peaks are observed in the XRD spectra. Peak 1, at ~16◦, is 
attributed to residual grease used during the sample preparation pro-
cess, as previously reported by our group [27]. Peak 2, located at ~25◦, 
corresponds to the characteristic broad signal of amorphous carbon, 
which is typical for biochar and reflects its disordered structure. Peak 3, 
appearing ~42◦, represents the presence of turbostratic carbon, a form 

of structurally disordered graphite-like carbon.
Importantly, the intensity and positions of Peaks 2 and 3 remain 

largely unchanged over the three cycles, suggesting that the carbon 
structure of the biochar is resilient to acidic regeneration using 5 M HCl. 
No new crystalline phases or metal products are observed, confirming 
the chemical and structural stability of the biochar during reuse.

4. Conclusions

In this work, the modelling of the adsorption of five heavy metals 
(Cu, Ni, Pb, Ag and Mn) in mesoporous sugarcane bagasse-derived 
biochar was carried out. For the adsorption isotherms, multi- 
component models namely EL, EF, MCL and ES were employed. The 
multi-component models showed better performance in describing 
competitive adsorption and capturing multi-ion interactions. The ES 
isotherm model provided the best fit for the experimental data, with an 
average R2 value of 0.93. The findings also indicate that Pb2+ has the 
highest adsorption capacity at 605.45 mg/g, followed by Cu2+ with 
501.77 mg/g. The ion selectivity of the biochar follows the order of 
Pb2+ > Cu2+ > Ni2+ > Ag+ > Mn2+. Regarding the adsorption kinetics, 
the experimental data were fitted to PFO and PSO models. The PSO 
model is a better fit for the experimental data, especially for Cu2+, Mn2+, 
and Pb2+ ions, suggesting chemisorption or strong ion-adsorbent 
interactions.

The rate-limiting step that controls the adsorption process was 
determined by adopting a recently proposed multi-mechanism kinetic 
model. At low temperatures, intraparticle diffusion is the limiting step 

Fig. 7. Linear fitting curves of Eq. (8) for thermodynamic parameter determination.

Table 5 
The thermodynamic parameters and the Arrhenius constants of heavy metals 
adsorption.

Parameter Heavy metal ions

Ni2+ Cu2+ Mn2+ Pb2+ Ag+

ΔH (kJ/mol) 8.30 8.23 1.98 8.55 4.02
ΔS (J mol− 1 K− 1) 71.46 73.11 49.15 75.58 56.65
Ea (kJ/mol) 16.57 11.68 16.74 37.74 22.40
A (mg/g min− 1) 6.1 66.7 5.9 35,810.4 0.7

Temperature (◦C) ΔG (kJ/mol)
25 − 13.00 − 13.57 − 12.67 − 13.99 − 12.87
35 − 13.72 − 14.30 − 13.16 − 14.74 − 13.43
45 − 14.43 − 15.03 − 13.66 − 15.50 − 14.00
55 − 15.15 − 15.76 − 14.15 − 16.25 − 14.57
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for adsorption of ions, while chemisorption and physisorption became 
dominant at higher temperatures. The intraparticle diffusion coefficient 
increased with temperature. Finally, the thermodynamic parameters of 
the multi-component adsorption process were determined. The positive 
enthalpies for all metals indicate that the process is endothermic, while 
the positive entropy changes and negative Gibbs free energies suggest 
that a spontaneous adsorption of heavy metals under the optimum 
conditions. The XRD results demonstrated that the biochar maintained 
its amorphous and turbostratic carbon structure over three regeneration 
cycles, indicating high structural resilience and reusability. Overall, this 
study is combining an affordable, scalable, waste-derived material with 
detailed modelling to better explain how and why some metals are 
removed more than others.
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