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INTRODUCTION

The release of heavy metal into water and 
soil, whether caused by natural events or human 
activities, poses a significant threat to both the 
environment and agriculture (Luo et al., 2024; 
Puari et al., 2025). Lead (Pb) ranks among the 
top five most harmful heavy metals, and even 
trace amount of heavy metals in agricultural 
settings can initiate a process of accumulation 
through the food chain, ultimately reaching hu-
man cells (Alengebawy et al., 2021; McLaughlin 
et al., 1999). Additionally, while copper (Cu) is 

an essential nutrient for plants, excessive uptake 
from the soil can negatively impact plant produc-
tivity, leading to decreased crop yields (Fagnano 
et al., 2020; Hasan et al., 2020). There is a press-
ing need to propose effective strategies for reduc-
ing the concentration of heavy metals in water, 
considering the cost constraints associated with 
current technologies (AlJaberi, 2019; Rashid et 
al., 2021; Satyam and Patra, 2024).

One approach that has been consistently ex-
plored for remediating heavy metals from water 
and soil is the use of adsorption methods (Glob. 
Assess. Soil Pollut. Rep., 2021; L. Wang et al., 
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2022; Zhang et al., 2023). Various potential ad-
sorbents have been identified for capturing Pb 
and Cu ions, including biochar (Das et al., 2023; 
Salim et al., 2016; Puari et al., 2024a). The prepa-
ration of biochar, including factors like carbon-
ization temperature, duration, and rate, as well as 
operational conditions such as pH, dosage, and 
retention time, is specified to the targeted heavy 
metals and significantly influences the overall 
cost of the process (Phuengphai et al., 2021; An-
inda et al., 2023). Therefore, careful selection of 
the raw material and parameter settings is crucial 
to achieving optimal efficiency. 

Due to cost limitation, agricultural waste ma-
terials, such as exhausted coffee husks (ECH) 
from infused drink production, have been used as 
the raw material for biochar (Puari et al., 2022; 
Puari et al., 2024). The biosorption potential bio-
char from ECH for heavy metals has been inves-
tigated previously, particularly for Pb (Rusnam et 
al., 2022) and Cu (Puari et al., 2024) ions. How-
ever, up to this point, the investigation was pri-
marily focused on optimizing the carbonization 
process for Pb and Cu ions (Puari et al., 2024; 
Rusnam et al., 2022). To expedite the use of ECH-
BC produced under optimal carbonization condi-
tions, it is important to apply the best operational 
conditions during the biosorption process (Puari 
et al., 2024). The previous studies have exposed 
that different biomass would result in different 
operational parameter during biosorption process 
(Ahmed et al., 2021; Puari et al., 2024; Semer-
jian, 2018). Moreover, the specific targeted heavy 
metal ion as the pollutant in the water would also 
result in different specific operational parameter 
for the specific biomass (Batool et al., 2023). Re-
searchers have turned to dynamic optimization 
tools like response surface methodology (RSM) 
to assess and optimize either the carbonization 
process (Puari et al., 2024b; Puari et al., 2024; 
Zhou et al., 2019) or the operational conditions 
of the biosorbent (Parmar et al., 2020; Puari et 
al., 2024). The relationship between experimen-
tal results and model-predicted outcomes can be 
analyzed using RSM-based statistical tools like 
the Box-Behnken design (BBD) (Bezerra et al., 
2008; Korondi et al., 2021). The primary goal of 
this study was to predict the capacity of lead and 
copper removal from aqueous solutions in a batch 
study using BBD within an RSM-based model. 
The optimal biosorption capacity was determined 
based on pH, ECH biochar dosage, and retention 
time. The adsorption mechanisms of Pb and Cu 

ions onto ECH biochar were also discussed in 
terms of isotherms and kinetic rate constants. Ad-
ditionally, the data obtained through BBD were 
statistically evaluated using mean square error 
and probability values to assess data fitness. The 
effectiveness of heavy metal ion removal from 
aqueous solutions was examined by analyzing the 
biochar samples before and after biosorption us-
ing SEM-EDX, FT-IR, and XRD techniques.

MATERIAL AND METHODS

Materials and chemicals

Exhausted coffee husk (ECH) as the main 
precursor of biochar was collected from AGAVI, 
West Java, Indonesia. Biochar was prepared ac-
cording to the previous experimental research 
(Puari et al., 2024; Rusnam et al., 2022). Mean-
while, Pb(NO3)2 (1000 mg/L) and Cu(NO3)2 
(1000 mg/L) as standard solutions of lead (Pb) 
and copper (Cu), were underwent further dilution 
with distilled water. Sodium hydroxide (NaOH) 
and chloride acid (HCl) (37%) were used for pH 
adjustment during biosorption experiments. All 
of the chemicals were purchased from the local 
distributor of Merck in Indonesia. 

Single factor experiment (SFE)

The center values of all operational param-
eters, namely pH (4–9), time (30–180 minutes), 
and dosage (0.05–0.25 g) were defined through 
the single factor experiment, prior to determin-
ing the range code of BBD. The experiment was 
conducted by varying each of the parameter in a 
certain range. For Pb, the SFE were applied for all 
three parameters, while for Cu only for pH. The 
range code of the other two parameters of Cu were 
based on the Pb. While one parameter was varied, 
the others were constant, as presented in Table 1.

The initial concentration of the heavy met-
al solution was 25 mg/L and was placed inside 
250 ml Erlenmeyer flask. ECH BC was added into 
the solution according to the designed dosage and 
the initial pH was measured prior to adjusting the 
desired solution pH. Then, 0.1 M NaOH and HCL 
were used to set the solution pH, and pH measure-
ment was conducted using a pH meter (Mettler 
Toledo F20). After the pH was set, the solution 
was agitated during the experiment using an or-
bital shaker (SK-0330 PRO NESCO Official), 
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until the reaching the allocated time. Afterward, 
the solution was filtered using the filter paper to 
separate the solution and the adsorbent. The con-
centration of the heavy metal in the solution be-
fore and after the experiment was measured using 
an atomic absorption spectrophotometer (AAS) 
(AA-6880, Shimadzu, Japan), following the pre-
vious technique by (Puari et al., 2022; Puari et al., 
2024). The center value was chosen by evaluating 
the removal efficiency (RE) and the capacity (qt), 
which were calculated by using the Equations 1 
and 2 (Puariet al., 2024), as follows:

	 𝑅𝑅𝑅𝑅 (%) =  (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖− 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)
𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

 ×  100%   

 

𝑞𝑞𝑡𝑡  (𝑚𝑚𝑚𝑚
𝑔𝑔 ) =  (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖− 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  ×  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉   

 
1

𝑄𝑄𝑒𝑒
=  1

𝑄𝑄𝑚𝑚
+ 1

𝑘𝑘𝑘𝑘 𝑄𝑄𝑚𝑚𝐶𝐶𝐶𝐶    

 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

=  𝐶𝐶𝑒𝑒
𝑄𝑄𝑚𝑚

+ 1
𝑘𝑘𝑘𝑘𝑄𝑄𝑚𝑚     

 

𝑅𝑅𝐿𝐿 =  1
1+𝑏𝑏𝐶𝐶𝑖𝑖

    

log 𝑞𝑞𝑞𝑞 = log 𝑘𝑘𝑘𝑘 +  (1
𝑛𝑛) × log 𝐶𝐶𝐶𝐶 

 

𝑌𝑌𝑅𝑅𝑅𝑅(%)  = 68.45 + 28.48A + 16.67B +  
+ 3.98C – 3.06AB – 4.84AC + 0.5750BC + 

+ 11.55A2 – 5.71B2 – 9.61C2 – 
– 13.55A2B + 0.5550A2C – 3.95AB2 

 

 

𝑌𝑌𝑅𝑅𝑅𝑅(%)  = 67.07 + 28.47 A + 2.56 B +  
+ 2.82 C– 5.57 AB – 0.165 AC +  

+0.5825BC – 9.03 A2 + 9.72 B2 + 16.61 C2 
 

 

	 (1)

	

𝑅𝑅𝑅𝑅 (%) =  (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖− 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)
𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

 ×  100%   

 

𝑞𝑞𝑡𝑡  (𝑚𝑚𝑚𝑚
𝑔𝑔 ) =  (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖− 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  ×  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉   

 
1

𝑄𝑄𝑒𝑒
=  1

𝑄𝑄𝑚𝑚
+ 1

𝑘𝑘𝑘𝑘 𝑄𝑄𝑚𝑚𝐶𝐶𝐶𝐶    

 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

=  𝐶𝐶𝑒𝑒
𝑄𝑄𝑚𝑚

+ 1
𝑘𝑘𝑘𝑘𝑄𝑄𝑚𝑚     

 

𝑅𝑅𝐿𝐿 =  1
1+𝑏𝑏𝐶𝐶𝑖𝑖

    

log 𝑞𝑞𝑞𝑞 = log 𝑘𝑘𝑘𝑘 +  (1
𝑛𝑛) × log 𝐶𝐶𝐶𝐶 

 

𝑌𝑌𝑅𝑅𝑅𝑅(%)  = 68.45 + 28.48A + 16.67B +  
+ 3.98C – 3.06AB – 4.84AC + 0.5750BC + 

+ 11.55A2 – 5.71B2 – 9.61C2 – 
– 13.55A2B + 0.5550A2C – 3.95AB2 

 

 

𝑌𝑌𝑅𝑅𝑅𝑅(%)  = 67.07 + 28.47 A + 2.56 B +  
+ 2.82 C– 5.57 AB – 0.165 AC +  

+0.5825BC – 9.03 A2 + 9.72 B2 + 16.61 C2 
 

 

	 (2)

where:	Cinitial is the heavy metal concentration be-
fore the experiment and Cfinal is the con-
centration after the experiment. The dos-
age of biochar was in g and the volume of 
the solution was in mL. 

Biosorption with Box-Bhenken design

Biosorption studies of ECH were carried 
out using response surface methodology (RSM) 
using Design Expert software (version 13) 
(StartEase) to determine the effect of different 

operating parameters on removal of each targeted 
heavy metal. The center code (Table 2) of time 
and dosage were similar for both heavy metals, 
while for pH was different, which 5 for Pb and 
6 for Cu. BBD was underwent seventeen experi-
ments, each for Pb (Table 3) and Cu (Table 4), 
and was set based on three level of three param-
eters-factor. The experimental designs were car-
ried out in batch technique using a 250 mL Erlen-
meyer flask. An appropriate amount of ECH BC 
as adsorbent according to the experimental design 
was added into the flask with 100 mL of synthetic 
heavy metal of Pb (50 mg/L of lead nitrate) and 
Cu (50 mg/L of copper nitrate) solutions. The bio-
sorption was carried out following the single fac-
tor experiment, as well as the calculation of the 
actual RE values.

Model validation

The model for the optimum conditions of Pb 
and Cu were obtained separately and validated 
through ANOVA analysis, with 95% confidence 
level (α = 0.05) used to determine significance. 
The optimum conditions of pH, dosage, and con-
tact time for ECH-BC biosorption for Pb (II) and 
Cu (II) were validated by conducting biosorption 
experiment under the conditions, with similar ini-
tial concentration of Pb (II) and Cu (II) of 50 mg/L. 

Table 1. Experimental matrix of single factor experiment (SFE) to define center values of Pb and Cu

Parameter
Pb Cu

pH Time (minutes) Dosage pH Time (minutes) Dosage

pH

4

60 0.2

4

60 0.1

5 5

6 6

7 7

8 8

9 9

Dosage 5 60

0.05

0.1

0.15

0.2

0.25

Biosorption time 5

30

0.1

60

90

120

150

180
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RE was calculated and the percentage error was 
determined to confirm the model validation. 

Isotherm

The adsorption isotherms of ECH-BC on Pb 
and Cu were studied to provide the information 
related to the affinity and equilibrium relationship 
between the adsorbent (ECH-BC) and adsorbate 
(Pb and Cu) or the value of the adsorbent capac-
ity. In this study, lead and copper ions adsorp-
tion on the ECH-BC surface was studied through 
Langmuir and Freundlich isotherm models. ECH-
BC was under went biosorption in 100 mL of Cu 
(II) and Pb (II) solutions separately, with a varied 
concentration in a range of 4–18 mg/L. Biosorp-
tion experiments were conducted under the opti-
mum condition of pH and contact time.

Langmuir model assumes a finite number of 
active sites are homogeneously arranged on the 

surface and energetically equivalent. The equa-
tion of Langmuir isotherm was described by 
Equation 3, while linearization was expressed by 
Equation 4. Furthermore, the dimensionless sepa-
ration (RL) was calculated using Equation 5 to 
characterize the adsorption, as described previ-
ously (Ayalew and Aragaw, 2020).

	

𝑅𝑅𝑅𝑅 (%) =  (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖− 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)
𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

 ×  100%   

 

𝑞𝑞𝑡𝑡  (𝑚𝑚𝑚𝑚
𝑔𝑔 ) =  (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖− 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  ×  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉   

 
1

𝑄𝑄𝑒𝑒
=  1

𝑄𝑄𝑚𝑚
+ 1

𝑘𝑘𝑘𝑘 𝑄𝑄𝑚𝑚𝐶𝐶𝐶𝐶    

 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

=  𝐶𝐶𝑒𝑒
𝑄𝑄𝑚𝑚

+ 1
𝑘𝑘𝑘𝑘𝑄𝑄𝑚𝑚     

 

𝑅𝑅𝐿𝐿 =  1
1+𝑏𝑏𝐶𝐶𝑖𝑖

    

log 𝑞𝑞𝑞𝑞 = log 𝑘𝑘𝑘𝑘 +  (1
𝑛𝑛) × log 𝐶𝐶𝐶𝐶 

 

𝑌𝑌𝑅𝑅𝑅𝑅(%)  = 68.45 + 28.48A + 16.67B +  
+ 3.98C – 3.06AB – 4.84AC + 0.5750BC + 

+ 11.55A2 – 5.71B2 – 9.61C2 – 
– 13.55A2B + 0.5550A2C – 3.95AB2 

 

 

𝑌𝑌𝑅𝑅𝑅𝑅(%)  = 67.07 + 28.47 A + 2.56 B +  
+ 2.82 C– 5.57 AB – 0.165 AC +  

+0.5825BC – 9.03 A2 + 9.72 B2 + 16.61 C2 
 

 

	 (3)

	

𝑅𝑅𝑅𝑅 (%) =  (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖− 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)
𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

 ×  100%   

 

𝑞𝑞𝑡𝑡  (𝑚𝑚𝑚𝑚
𝑔𝑔 ) =  (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖− 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  ×  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉   

 
1

𝑄𝑄𝑒𝑒
=  1

𝑄𝑄𝑚𝑚
+ 1

𝑘𝑘𝑘𝑘 𝑄𝑄𝑚𝑚𝐶𝐶𝐶𝐶    

 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

=  𝐶𝐶𝑒𝑒
𝑄𝑄𝑚𝑚

+ 1
𝑘𝑘𝑘𝑘𝑄𝑄𝑚𝑚     

 

𝑅𝑅𝐿𝐿 =  1
1+𝑏𝑏𝐶𝐶𝑖𝑖

    

log 𝑞𝑞𝑞𝑞 = log 𝑘𝑘𝑘𝑘 +  (1
𝑛𝑛) × log 𝐶𝐶𝐶𝐶 

 

𝑌𝑌𝑅𝑅𝑅𝑅(%)  = 68.45 + 28.48A + 16.67B +  
+ 3.98C – 3.06AB – 4.84AC + 0.5750BC + 

+ 11.55A2 – 5.71B2 – 9.61C2 – 
– 13.55A2B + 0.5550A2C – 3.95AB2 

 

 

𝑌𝑌𝑅𝑅𝑅𝑅(%)  = 67.07 + 28.47 A + 2.56 B +  
+ 2.82 C– 5.57 AB – 0.165 AC +  

+0.5825BC – 9.03 A2 + 9.72 B2 + 16.61 C2 
 

 

	 (4)

	

𝑅𝑅𝑅𝑅 (%) =  (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖− 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)
𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

 ×  100%   

 

𝑞𝑞𝑡𝑡  (𝑚𝑚𝑚𝑚
𝑔𝑔 ) =  (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖− 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  ×  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉   

 
1

𝑄𝑄𝑒𝑒
=  1

𝑄𝑄𝑚𝑚
+ 1

𝑘𝑘𝑘𝑘 𝑄𝑄𝑚𝑚𝐶𝐶𝐶𝐶    

 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

=  𝐶𝐶𝑒𝑒
𝑄𝑄𝑚𝑚

+ 1
𝑘𝑘𝑘𝑘𝑄𝑄𝑚𝑚     

 

𝑅𝑅𝐿𝐿 =  1
1+𝑏𝑏𝐶𝐶𝑖𝑖

    

log 𝑞𝑞𝑞𝑞 = log 𝑘𝑘𝑘𝑘 +  (1
𝑛𝑛) × log 𝐶𝐶𝐶𝐶 

 

𝑌𝑌𝑅𝑅𝑅𝑅(%)  = 68.45 + 28.48A + 16.67B +  
+ 3.98C – 3.06AB – 4.84AC + 0.5750BC + 

+ 11.55A2 – 5.71B2 – 9.61C2 – 
– 13.55A2B + 0.5550A2C – 3.95AB2 

 

 

𝑌𝑌𝑅𝑅𝑅𝑅(%)  = 67.07 + 28.47 A + 2.56 B +  
+ 2.82 C– 5.57 AB – 0.165 AC +  

+0.5825BC – 9.03 A2 + 9.72 B2 + 16.61 C2 
 

 

	 (5)

where:	 qe and qm were the equilibrium and maxi-
mum adsorption capacity (mg/g), respec-
tively; KL, the Langmuir adsorption con-
stant (L/mg) and Ce, the adsorbate con-
centration in the equilibrium (mg/L).

Table 2. Coded levels of Box-Bhenken design (BBD) of three operational parameters variables for Pb and Cu

Variables Symbol

Pb Cu

Coded levels

-1 0 1 -1 0 1

pH A 4 5 6 5 6 7

Dosage (g) B 0.05 0.1 0.15 0.05 0.1 0.15

Biosorption time (minutes) C 60 120 180 60 120 180

Table 3. Box-Bhenken design for Pb2+with predicted and actual values of RE from experiments

Run
Coded values Actual values RE (%)

Actual values Pb2+
RE (%)

Predicted valuesA B C A B C

1 0 1 1 5 0.15 180 74.36 ± 1.07 74.36

2 0 0 0 5 0.1 120 70.19 ± 0.32 68.45

3 -1 1 0 4 0.15 120 55.95 ± 3.63 55.95

4 -1 0 1 4 0.1 180 51.28 ± 2.54 51.28

5 0 0 0 5 0.1 120 70.65 ± 1.38 68.45

6 0 -1 -1 5 0.05 60 33.06 ± 0.98 33.06

7 -1 0 -1 4 0.1 60 32.54 ± 2.16 32.54

8 1 -1 0 6 0.05 120 98.77 ± 0.09 98.77

9 0 -1 1 5 0.05 180 39.87 ± 1.09 39.87

10 0 0 0 5 0.1 120 66.33 ± 0.23 68.45

11 0 1 -1 5 0.15 60 65.25 ± 1.43 65.25

12 1 1 0 6 0.15 120 98.89 ± 0.07 98.89

13 1 0 -1 6 0.1 60 99.18 ± 0.00 99.18

14 1 0 1 6 0.1 180 98.58 ± 0.09 98.58

15 -1 -1 0 4 0.05 120 43.58 ± 5.41 43.58

16 0 0 0 5 0.1 120 69.97 ± 0.14 68.45

17 0 0 0 5 0.1 120 65.10 ± 5.94 68.45
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Meanwhile, Freundlich isotherm models 
were analyzed to obtain characteristic of adsor-
bent with different affinities or adsorption ener-
gies of the active sites. While Langmuir is as-
sumed monolayer adsorption, Freundlich can be 
assumed multilayer. The linear of isotherm model 
was expressed in Equation 5 following the previ-
ous study (Ayalew and Aragaw, 2020).
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	 (6)

where:	 kf was Freundlich adsorption constant, and 
n described the affinity between adsorbent 
and adsorbate and intensity of the adsor-
bent. The value of n was characterized into 
three range; if the value n <1, adsorption is 
unfavorable. On the contrary, when n>1, 
the adsorption onto the adsorbent surface 
is favorable. It is noteworthy, high value 
of n reflects strong sorption intensity.

Biochar characterization techniques

Several experimental instruments were used 
to characterize the materials before and after bio-
sorption at the optimum condition. The morpho-
logical surface of adsorbent and the elemental 
composition on it was examined using Scanning 
Electron Microscope with energy dispersive X-
Ray (SEM-EDX) (SEM-EDX JEOL JSM-6510 

LA, Tokyo Japan). Meanwhile, identification of 
surface functional groups was conducted by an 
IRTracer-100 Fourier Transform Infrared Spec-
trophotometer (FTIR) (Shimadzu, Japan). 

RESULTS AND DISCUSSION

Center value of single factor experiment

The center values for each parameter in the 
single factor experiment (SFE) were established 
based on the biosorption performance of each 
factor. In this study, the effect of pH factor on the 
biosorption of Pb (II) and Cu (II) was evaluated 
separately for each metal, whereas the effect of 
biochar dosage and contact time were investi-
gated only for Pb (II), with the resulting center 
values also applied to Cu (II).

Figure 1 presented the biosorption perfor-
mance of ECH biochar at the varying pH values 
(4–8). An increase in both removal efficiency (RE) 
and biosorption capacity (qt) was observed when 
pH increased from 4 to 5 for both metals (Figures 
1a and 1b). This increase was more pronounced 
for Cu (II), with Re improving from 26% to 68%, 
compared to Pb (II), which increased from 94% 
to 99.5%. Beyond pH 5, Re for Pb(II) plateaued, 
indicating that optimal removal was already 
achieved. In contrast, Cu (II) continued to show a 

Table 4. Box-Bhenken design for Cu2+with predicted and actual values of RE from experiments

Run
Coded values Actual values RE (%)

Actual values Cu2+
RE (%)

Predicted valuesA B C A B C

1 0 1 1 6 0.15 180 98.83 ± 0.11 99.37

2 0 0 0 6 0.01 120 66.78 ± 0.47 67.07

3 -1 1 0 5 0.15 120 47.06 ± 0.27 47.43

4 -1 0 1 5 0.1 180 50.08 ± 0.66 49.17

5 0 0 0 6 0.1 120 70.74 ± 0.05 67.07

6 0 -1 -1 6 0.05 60 89.14 ± 0.14 88.60

7 -1 0 -1 5 0.1 60 49.19 ± 0.25 43.19

8 1 -1 0 7 0.05 120 99.60 ± 0.04 99.23

9 0 -1 1 6 0.05 180 98.71 ± 0.06 93.08

10 0 0 0 6 0.01 120 71.34 ± 0.20 67.07

11 0 1 -1 6 0.15 60 86.93 ± 0.46 92.56

12 1 1 0 7 0.15 120 99.75 ± 0.01 93.21

13 1 0 -1 7 0.1 180 99.55 ± 0.01 100.46

14 1 0 1 7 0.1 180 99.78 ± 0.07 105.78

15 -1 -1 0 5 0.05 120 24.61 ± 1.58 31.15

16 0 0 0 6 0.01 120 64.91 ± 0.07 67.07

17 0 0 0 6 0.01 120 61.57 ± 0.40 67.07
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significant increase in both RE (from 68% to 98%) 
and qt (from 16.4 to 23.7 mg/g) when the pH in-
creased from 5 to 6. These results confirm that the 
optimal pH varies with the type of metal ion: pH 
5 for Pb (II) and pH 6 or Cu (II). This trend is 
consistent with the findings from previous studies 
by AlOthman et al. (2016), Ahmad et al. (2022), 
and Wang et al. (2025), which also reported op-
timal biosorption performance within a pH range 
of 5–6 for both metals. On the basis of these find-
ings, a pH of 5 was selected as the central value 
for Pb(II) in the BBD experiment, while pH 6 was 
chosen for Cu (II). The biosorption of Pb and Cu 
under biochar from different biomass, resulted the 
optimum pH in the range of 5–6 for both metals. 
Hence, pH of 5 was defined as the center value for 
BBD experiment of Pb, while pH of 6 for Cu.

For the analysis of biochar dosage (Figure 
1c) and contact time (Figure 1d), the solution of 
pH was fixed at 5. As it is shown in Figure 1c, an 
increase in biochar dosage generally enhanced 
the removal efficiency. Specifically, increasing 
the dosage from 0.05 g to 0.1 g (in 250 mL of 
Pb(II) solution with a 60-minute contact time) 
improved RE from 77.6% to 87.5%. A further 
increase to 0.15 g raised RE to 96.6%. How-
ever, RE gains diminished beyond this point, 
with only a 2.7% increase (up to 99.2%) at 0.2 

g dosage. Simultaneously, the biosorption ca-
pacity (qt) showed a decreasing trend, dropping 
from 38.5 mg/g at 0.05 g to 21.7 mg/g at 0.1 g, 
and continuing to decline to 16 mg/g and 12.3 
mg/g at higher dosage. Although the highest qt 
was observed at the lowest dosage (0.05 g), RE 
was still limited to 77.6%. Therefore, a dosage 
of 0.01 g was selected as the center value for 
both Pb (II) and Cu(II).

The third factor studied was contact time, var-
ied in a range of 30 to 180 minutes. Previous stud-
ies have reported different optimal times for metal 
biosorption, 180 minutes (AlOthman et al., 2016; 
Ahmadi et al., 2022) and 30 minutes (Semerjian, 
2018). In this study, RE increased progressively 
with longer contact time (Figure 1d). RE reached 
80% at 30 minutes, and further increased to 92% 
at 120 minutes. Minor improvements were ob-
served with longer durations, reaching 93% at 
150 minutes and 96% at 180 minutes. On the 
basis of these observations, 120 minutes was se-
lected as the center value for contact time in the 
BBD experiment.

Analysis of RSM-BBD

Tables 3 and 4 presented the RE results for 
Pb (II) and Cu (II), respectively, under various 

Figure 1. The biosorption performances, RE (% and qt (mg/g), under various a) pH on Pb, b) pH on Cu,
c) dosage on Pb, and d) time on Pb
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experimental conditions following the BBD for 
a statistical optimization. Columns 5,6, and 7 of 
each table listed the actual values of the oper-
ating parameters; pH, dosage and contact time. 
The experimental RE outcomes for the ions of 
both metals were varied according to the design 
matrix. Although the magnitude of RE differed 
between Pb (II) and Cu (II), the highest RE val-
ues for both metals were observed in the same 
experimental runs. Specifically, as shown in 
Tables 3 and 4, RE values exceeding 95% were 
recorded in runs 8, 12 13, and 14. In all of these 
runs, the pH setting was at level 1 of the matrix 
scale, corresponding to pH 6 for Pb (II) and pH 
7 for Cu (II). This suggests that despite the dif-
ference in optimum pH for each metal, there is 
a consistent pattern in the design matrix where 
similar combinations of parameters yield high 
RE for both metals.

Regression analysis using both quadratic 
and cubic models were carried out based on the 
17 experimental data points, and the analysis of 
variance (ANOVA) was used to evaluate the sta-
tistical significance of the model and parameters. 
A 95% confidence level (α = 0.05) was used to 
determine significance. As presented in Table 5, 
the quadratic model for Pb (II) biosorption was 
defined statistically significant, with p value of 
0.001. However, the lack-of-fit p-value of qua-
dratic model was 0.0068 (p < 0.05), indicating a 
significant lack-of-fit. The lack of fit test evalu-
ates the model’s failure to represent the system 

in the unexplored portions of the design space; 
therefore, a non-significant result is desirable to 
confirm model validity. The significant lack-of fit 
of the quadratic model suggests that the model 
does not adequately describe the biosorption be-
havior (Puari et al., 2024a).

Aa a result, cubic regression model was 
applied, and the corresponding ANOVA re-
sults were shown in Table 6. The cubic model 
yielded a statistically acceptable fit based on 
the obtained p-values. Furthermore, a compari-
son of the signal-to-noise ratio (SNR), coeffi-
cient of determination (R2) and adjusted R2 for 
both models- as presented in Table 7-demon-
strated that the cubic model outperformed the 
quadratic model. Both models exhibited SNR 
values higher than 4, which is considered de-
sirable according to Haaland (2020). However, 
the higher SNR of the cubic model indicates it 
provides a stronger and more reliable response 
signal for the Pb (II) biosorption process (Puari 
et al., 2024a). In addition, the R2 and adjusted 
R2 values for the cubic model were closer to 1, 
further supporting its superior fit. On the basis 
of these findings, the cubic regression model 
was determined to be more suitable for pre-
dicting and optimizing the Pb (II) biosorption 
performance in this study, and the model equa-
tion was expressed in Equation 7, where A, B 
and C are coded levels for pH, dosage and time, 
respectively.

Table 5. The quadratic resgression model of ANOVA for removal efficiency of Pb by ECH-biochar
Source Sum of squares df Mean square F-value p-value

Removal efficiency (%)

Model 7719.36 9 857.71 14.13 0.0010 significant

A-pH 5621.71 1 5621.71 92.63 < 0.0001

B-Dosage 783.49 1 783.49 12.91 0.0088

C-Time 145.01 1 145.01 2.39 0.1661

AB 37.52 1 37.52 0.6182 0.4575

AC 93.51 1 93.51 1.54 0.2545

BC 1.32 1 1.32 0.0218 0.8868

A² 562.16 1 562.16 9.26 0.0188

B² 137.05 1 137.05 2.26 0.1766

C² 388.67 1 388.67 6.40 0.0392

Residual 424.82 7 60.69

Lack of fit 398.93 3 132.98 20.54 0.0068 significant

Pure error 25.89 4 6.47

Cor total 8144.19 16
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In the case of Cu (II) biosorption, the qua-
dratic regression model produced a statistically 
significant p-value, along with a non-significant 
lack-of-fit value, as shown in Table 8. These re-
sults indicated that the model is a good fit for the 
experimental data. The model exhibited a sig-
nal-to-noise ratio (SNR) of 15.12, which is well 
above the minimum threshold (Haaland, 2020), 
considered desirable of reliable model interpre-
tation. Additionally, the model achieved a coef-
ficient determination higher (R2) and adjusted R2 
than 0.9, with 0.9674 and 0.9255, respectively 
-both indicating strong predictive accuracy for 
the quadratic model. These metrics support the 
conclusion that the quadratic response surface 
model is well-suited for describing Cu (II) bio-
sorption by ECH biochar under the three process 
variables considered (pH, dosage, and time). A 
similar trend on biosorption of Cu (II) ions using 

other biomass, was reported in a study by Faw-
zy et al. (2022), where the quadratic model also 
valid for the optimization and prediction in heavy 
metal biosorption process. The model equation 
for the prediction of Cu biosorption by ECH was 
exhibited in the Equation 8. A was expressed for 
pH, while B and C were for dosage and time, 
respectively.

	

𝑌𝑌𝑅𝑅𝑅𝑅(%) = 68.45 + 28.48A + 16.67B + 
+ 3.98C – 3.06AB – 4.84AC + 0.5750BC + 

+ 11.55A2 – 5.71B2 – 9.61C2 – 
– 13.55A2B + 0.5550A2C – 3.95AB2 

 

𝑌𝑌𝑅𝑅𝑅𝑅(%) = 67.07 + 28.47 A + 2.56 B + 
+ 2.82 C– 5.57 AB – 0.165 AC + 

+0.5825BC – 9.03 A2 + 9.72 B2 + 16.61 C2 
	 (8)

3D surfaces plots and model validation

3D surface plots

The 3D surfaces plots depicting of the RE of 
Pb (II) and Cu (II) were presented in Figure 2. 
These plots illustrated the interactive effects be-
tween pairs of operating parameters and their im-
pact on the response variable, providing valuable 
insights into the combined influence of experi-
mental conditions on RE as well as the optimal 

Table 6. The cubic resgression model of ANOVA for removal efficiency of Pb by ECH-biochar
Source Sum of squares df Mean square F-value p-value

Removal efficiency (%)

Model 8118.29 12 676.52 104.50 0.0002 significant

A-pH 3245.58 1 3245.58 501.35 < 0.0001

B-Dosage 1111.56 1 1111.56 171.70 0.0002

C-Time 63.36 1 63.36 9.79 0.0352

AB 37.52 1 37.52 5.80 0.0738

AC 93.51 1 93.51 14.44 0.0191

BC 1.32 1 1.32 0.2043 0.6747

A² 562.16 1 562.16 86.84 0.0007

B² 137.05 1 137.05 21.17 0.0100

C² 388.67 1 388.67 60.04 0.0015

ABC 0.0000 0

A²B 367.07 1 367.07 56.70 0.0017

A²C 0.6161 1 0.6161 0.0952 0.7731

AB² 31.24 1 31.24 4.83 0.0930

AC² 0.0000 0

B²C 0.0000 0

BC² 0.0000 0

A³ 0.0000 0

B³ 0.0000 0

C³ 0.0000 0

Pure Error 25.89 4 6.47

Cor Total 8144.19 16
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parameter configurations. For both Pb (II) (Fig-
ures 2a-c) and Cu (II) (Figures 2d-f), the initial pH 
was shown to significantly influence the interac-
tion patterns and resulting removal performance. 

Among the interactions, the combination of 
pH and contact time yielded the highest RE val-
ues for both metal ions. This finding aligns with 
the ANOVA results for Pb (II) biosorption (Table 

Table 7. The values of quadratic and cubic regression models
Regression model R2 Adjusted R2 SNR

Quadratic 0.9478 0.8808 12.1920

Cubic 0.9968 0.9873 29.9510

Table 8. The quadratic regression model of ANOVA for removal efficiency of Cu by ECH-biochar
Source Sum of squares df Mean square F-value p-value

Removal Efficiency (%)

Model 78604.24 9 956.03 23.07 0.002 significant

A-pH 6483.19 1 6483.19 156.48 < 0.0001

B-Dosage 52.58 1 52.58 1.27 0.2971

C-Time 63.79 1 63.79 1.54 0.2546

AB 124.32 1 124.32 3.00 0.1268

AC 0.1089 1 0.1089 0.0026 0.9605

BC 1.36 1 1.36 0.0328 0.8615

A² 343.54 1 343.54 8.29 0.0237

B² 397.78 1 397.78 9.60 0.0174

C² 1162.32 1 1162.32 28.50 0.0011

Residual 290.02 7 41.43

Lack of fit 223.32 3 74.44 4.46 0.0912 not significant

Pure error 66.70 4 16.68

Cor total 8894.26 16

Note: *R2 = 0.9674, adjusted R2 =0.9255,SNR = 15.1166.

Figure 2. 3D surface plots of ECH biochar on Pb RE through interaction of two parameters a) dosage and pH,
b) time and dosage, c) time and pH; and on Cu through interaction of two parameters d) dosage and pH,

e) time and dosage, f) time and pH
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6), where the interaction between pH and time 
was the only statistically significant two-factor 
interaction. In general, increasing the pH led to 
an enhancement in RE across all factor combina-
tions. This trend is consistent with the explana-
tion by Bayik et al. (Haaland, 2020), who noted 
that at low (acidic) pH levels, H+ ions and metal 
cations compete for the active binding sites on 
the biosorbent surface. Moreover, under acidic 
conditions, the total surface charge of the biosor-
bent becomes less negative, thereby reducing its 
capacity to attract positively charged metal ions 
(Jena et al., 2022; Yang and Cui, 2013). Conse-
quently, a higher pH favors metal ion uptake by 
reducing such electrostatic competition.

Model validation

Figure 2 demonstrated the interaction between 
pH and contact time, as well as pH and biochar 
dosage resulted in RE approaching 100%. These 
results confirm that the biosorption of Pb (II) 
and Cu (II) using ECH-biochar (ECH-BC) was 
conducted under near-optimal operational condi-
tions, supporting the validity of the model predic-
tions. The optimal values for the three operational 
parameters-pH, dosage, and contact time-were 
determined using Design-expert software. The 
optimized parameter combinations for Pb (II) and 
Cu (II) biosorption were presented in Table 9.

The optimal pH values for ECH-BC biosorp-
tion of Pb (II) and Cu (II) were found to be within 
the slightly acidic to neutral range (6.0–6.9), a 
condition favorable for minimizing competition 
from H+ ions and enhancing metal ion uptake. 
The model-predicted outcomes were validated 
by performing biosorption experiments under the 
proposed optimal conditions, with the experimen-
tal results were also shown in Table 9.

Notably, achieving 98–99% removal ef-
ficiency for both metal ions required different 
biochar dosages, where the dosage for Pb (II) re-
moval was approximately three times greater than 
for Cu (II). This resulted in a lower biosorption 

capacity of ECH-BC in Pb (II) compared to Cu 
(II). The observation suggests a higher affinity 
or more efficient binding behavior of ECH-BC 
toward Cu (II) under similar conditions. Further-
more, the biosorption of Cu (II) reached equilib-
rium more rapidly than that of Pb (II), indicating a 
faster kinetic response. Similar findings were also 
reported by Ahmadi et al. (2022), where Pb (II) 
exhibited a lower biosorption capacity than Cu 
(II), using melon-peel biosorbent under identical 
contact times. In all cases, the experimental re-
sults closely matched the model predictions, with 
a percent error of less than 10%, confirming the 
reliability and predictive accuracy of the develop 
model of optimizing biosorption conditions of Pb 
(II) and Cu (II) using ECH-BC

Isotherm model

To investigate the biosorption behavior of 
ECH-BC toward Pb (II) and Cu (II), adsorp-
tion isotherm analysis was conducted using both 
Langmuir and Freundlich isotherm models. The 
equilibrium data for the biosorption Pb (II) and 
Cu (II) onto ECH-BC were fitted to these mod-
els, and the corresponding plots were presented in 
Figures 3a-d. The derived parameters and corre-
lation coefficients were summarized in Table 10.

From the data, it was observed that the dimen-
sionless separation factor (RL) values were 0.076 
for both Pb2+ and Cu2+ in the Langmuir model, 
indicating favorable adsorption (0 < RL< 1). The 
maximum monolayer adsorption capacity (qm) ob-
tained from the Langmuir model was higher for 
Pb2+ (312 mg/g) than for Cu2+ (196.1 mg/g). The 
outcomes of Pb and Cu removal from this study 
are promising compared to other previous studies 
as presented in Table 11. The obtained results were 
also significantly higher compared to the previous 
study of ECH biochar on the both heavy metal, 
which increased by nine times higher after the op-
timization of the operational parameters. However, 
the low correlation coefficient (R2) (R2 = 0.748 

Table 9. Predicted optimum condition of operational parameters (pH, biochar dosage, and contact time)

Ions
Optimum conditions Response 

values
Predicted 

values
Experimental value

pH Dosage (g) Time (minutes) 1 2 3 Average

Pb2+ 6 0.15 180
RE (%) 98.02 98.0 98.3 98.0 98.1 ± 0.2

qt (mg/g) 30.28 32.9 32.8 32.7 32.8 ± 0.1

Cu2+ 6.9 0.05 134.92
RE (%) 99.77 96.3 96.2 96.3 96.3 ± 0.1

qt (mg/g) 114.42 105.3 105.3 105.2 105.3 ± 0.06
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for Pb2+ and R2 = 0.705 Cu2+) suggested that the 
Langmuir model did not adequately describe the 
biosorption behavior. In contrast, the Freundlich 
model showed a better fit to the experimental data, 
with higher correlation coefficients - R2= 0.975 for 
Pb2+ and R2 = 0.885 for Cu2+. This indicates that 
the biosorption process followed a heterogeneous 
surface adsorption mechanism and supports the 
occurrence of adsorption complexation reactions 
rather than monolayer adsorption. These findings 
were consistent with previous studies, such as the 
biosorption of Pb (II) and Cu (II) onto pine saw-
dust (Semerjian, 2018) and green straw-derived 
biochar (TB) (Wang et al., 2025).

Characterization

SEM-EDX

Figure 4 a-c presented the morphological and 
elemental characteristics of ECH biochar (ECH-
BC) before and after underwent biosorption of 

Pb2+ and Cu2+ from SEM-EDX investigation. 
As it is shown in Figure 4a, ECH-BC exhibited 
a high density of pores and well-structured sur-
face with open macropores and relatively smooth 
texture, indicating high surface accessibility for 
metal ion interaction. 

Meanwhile, after Cu (II) biosorption (Fig-
ure b), the surface became rougher and irregular, 
with visible particulate deposits suggesting Cu 
accumulation on the surface. The EDX analy-
sis confirmed the presence of Cu on the surface 
with an 5.44%, increased from 0.61% before the 
biosorption, indicating a successful biosorption. 
Similarly, the biochar after Pb (II) exposure (Fig-
ure c) displayed more compact and agglomerated 
surface features with diminished pore visibility, 
likely due to Pb precipitation or strong surface 
binding. The EDX data supported this observa-
tion, showing a Pb presence with atomic percent-
age of 4.57%. In both cases, the appearance of 
metal peaks and a reduction in carbon percentage 

Table 10. Derived parameters and correlation coefficient of isotherm models for ECH-BC on Pb2+ and Cu2+

Elements
Langmuir isotherm Freudlich isotherm

qm (mg/g) KL (L/mg) RL R2 KF (mg/g(mg/L)-1/n) n R2

Pb2+ 312.5 0.762 0.076 0.748 132.71 1.55 0.975

Cu2+ 196.1 0.761 0.076 0.705 87.78 1.42 0.885

Figure 3. a) Langmuir isotherm and b) Freudlich isotherm plots of Pb (II); c) Langmuir isotherm,
b) Freundlich isotherm plots of Cu (II)
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suggest that Cu and Pb ions were immobilized via 
mechanisms such as surface complexation with 
oxygen-containing functional groups, electrostatic 
attraction, and ion exchange. These findings were 
in line with recent studies of Dey et al. (2022) and 
Fawzy et al. (2022), where the ion exchange as a 
mechanism of biosorption were detected through 
SEM-EDX results.

FTIR

The FTIR spectra of biochar before and after 
underwent biosorptions of Pb (II) and Cu (II) were 
presented in Figure 5. The spectra revealed distinct 
variations in the intensity and position of charac-
teristic absorption bands, indicating changes in 
the functional groups involved in metal ion inter-
action. In the broad spectral region between 3600 
and 3200 cm-1 (region 1), corresponding to the 
stretching vibrations of hydroxyl (-OH) and amine 
(-NH) groups, a noticeable decrease in transmit-
tance was observed after biosorption. It suggests 
the polar functional groups may participate in hy-
drogen bonding or surface complexation with the 
metal ions. Meanwhile, peak band in the range of 
3000–2800 cm-1 (region 2), typically associated 

with aliphatic C-H stretching, exhibited minimal 
change, indicating that these non-polar groups 
are not significantly involved in the biosorption 
mechanism. Although the 2500–2200 cm-1 region 
(region 3), often attributed to triple bonds such as 
C ≡ C or C ≡ N, showed very weak or absent peaks 
in all samples, the most prominent changes were 
observed in regions 4 and 5, specifically between 
1750–1500 cm-1 and 1450–1000 cm-1, respectively. 
Region 4 included the characteristic vibrations of 
carbonyl (C=O), aromatic C=C, and amide C-N 
functional groups, which showed a shift in peak po-
sition and a decline in transmittance following met-
al ion exposure, thereby indicating the interaction 
of Pb2+ and Cu2+ with electron-rich sites on the bio-
char surface. Similarly, the significant decrease in 
intensity observed in region 5 prior to biosorption, 
which corresponds to C-O stretching vibrations and 
carboxylate (-COO-) groups. The finding supports 
the indication of involvement of oxygenated func-
tional groups in binding the heavy metals ions, as 
the decrease of carbon percentage in EDX analysis.

Overall, the FTIR spectra provided strong 
evidence that surface functional groups play a 
central role in the biosorption process and are re-
sponsible or the immobilization of the metal ions 

Figure 4. SEM images and EDX elemental analysis of ECH-biochar a) before biosorption,
b) after biosorption of Cu2+, c) after biosorption of Pb2+
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onto the biochar matrix. These findings were con-
sistent with recent studies of Wang et al. (2025) 
and Ahmed et al. (2021), which highlighted the 
involvement of carboxyl and hydroxyl groups in 
Pb (II) and Cu (II) binding on biochar surfaces.

CONCLUSIONS

Exhausted coffee husk – biochar (ECH-BC) 
demonstrated high efficiency in the removal of 
Pb2+ and Cu2+ from aqueous solutions, under op-
timized operational conditions determined by re-
sponse surface methodology. The predictive mod-
el for Pb2+ followed a cubic model, while that for 
Cu2+ was best described by a quadratic model. The 
optimum parameters were pH 6.0, 0.15 g dosage, 
and 180 min for Pb2+, and pH 6.9, 0.05 g dosage, 
and 134.92 for Cu2+, reflecting a slight difference 

in pH preference between the two metals. Model 
predictions closely matched experimental results, 
achieving 98.1% removal (32.8 mg/g) for Pb and 
96.3% removal (105.3 mg/g) for Cu. Adsorption 
followed the Freundlich model, with higher cor-
relation coefficients – R2= 0.975 for Pb2+ and R2 = 
0.885 for Cu2, indicating heterogeneous surface 
binding and adsorption-complexation as the dom-
inant mechanism. SEM-EDX and FTIR analyses 
before and after biosorption confirmed morpho-
logical changes and decreased carbon content, 
consistent with metal ion binding. FTIR spectra 
indicated reductions in transmittance at peaks 
associated with C-O stretching and carboxylate 
(-COO-) groups, confirming the role of oxygen-
containing functional groups in metal coordina-
tion. These findings highlight ECH-BC as prom-
ising, low-cost biosorbent for practical heavy 
metal wastewater treatment.

Figure 5. FT-IR spectra of ECH-BC before and after undergoing biosorption of Pb2+ and Cu2

Table 11. Comparison of biosorbent capacities from various agricultural wastes
Biosorbent qm Pb (mg/g) qm Cu (mg/g) References

Palm kernel shell (PKS) 0.17 - (Dechapanya and Khamwichit, 2023)

Pine sawdust 13.48 9.59 (Semerjian, 2018)

Mixed-waste activated carbon 122 220 (ALOthman et al., 2016)

Straw biochar 46.98 60.86 (X. Wang et al., 2025)

Limestone mining waste 270.3 73.53 (Fathy et al., 2025)

Water melon seed 44.32 - (Ahmed et al., 2021)

Melon peel 191.93 77.76 (Ahmadi et al., 2022)

Mango seed 263.4 - (Q. Wang et al., 2022)

Food waste biochar 245.5 - (Tian et al., 2023)

Banana peel powder 89.28 5.72 (Mohd Salim et al., 2016)

EKC biochar - 12.76 (Aninda et al., 2024a)

ECH biochar without optimization 3.3 2.4 (Puari et al., 2024; Rusnam et al., 2022)

This study 312.5 196.1 This study
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