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A B S T R A C T   

Metal plating industries generate wastewater containing heavy metals, necessitating effective treatment methods 
to mitigate environmental contamination. This study investigated the potential of banana peel-derived activated 
carbon (BPAC) and commercial activated carbon for heavy metal removal, addressing a pressing environmental 
concern. The analysis encompassed diverse pH levels, crucial for real-world applicability, offering valuable in-
sights into adsorption capacities and kinetics. The results revealed competitive performance of both materials, 
with typical lead (Pb) removal ranging from 4 to 6 mg/g and cadmium (Cd) from 3 to 5 mg/g. Commercial 
activated carbon exhibited slightly superior adsorption kinetics and capacities, highlighting its efficacy in heavy 
metal removal. Throughout the study, optimizing dosage proved essential for maximizing removal efficiency, 
emphasizing the practical implications of this research. Furthermore, the time-dependent behavior of adsorption 
kinetics underscored the importance of extended contact times for enhanced removal. Generally, BPAC emerged 
as a promising solution for heavy metal removal from industrial wastewater. It consistently achieved removal 
efficiencies typically ranging from 75 % to more than 90 %, making it a viable alternative in the realm of 
wastewater treatment. At pH 4, BPAC demonstrated significantly higher adsorption capacity, with lead (Pb) at 
5.50 ± 0.20 (mg/g) and cadmium (Cd) at 4.10 ± 0.15 (mg/g), compared to slightly lower values for commercial 
activated carbon, Pb at 5.20 ± 0.25 (mg/g) and Cd at 3.90 ± 0.20 (mg/g). This study contributes significantly to 
wastewater treatment methodologies, offering sustainable and efficient approaches to address heavy metal 
contamination in industrial effluents.   

1. Introduction 

The escalating global industrialization has led to a proportional in-
crease in the generation of wastewater, particularly from industrial 
processes, containing a myriad of contaminants, including heavy metals. 
Heavy metal contamination poses severe environmental and health 
risks, necessitating efficient wastewater treatment strategies [1]. 
Consequently, there exists an urgent necessity for the implementation of 

effective wastewater treatment methods to counteract these risks and 
ensure the protection of both ecosystems and human well-being. In light 
of this imperative, the investigation of natural adsorbents as a viable 
solution has garnered increasing attention in recent years [2]. These 
natural adsorbents offer promising prospects due to their abundance, 
cost-effectiveness, and potential for selective removal of heavy metals, 
thus presenting an attractive avenue for addressing the challenges posed 
by industrial wastewater contamination [3]. 
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Conventional wastewater treatment methods, including coagulation- 
flocculation [4], sedimentation [5], and chemical precipitation [6], 
have historically served as the primary means of addressing industrial 
wastewater contamination. Despite their widespread use, these methods 
are not without drawbacks. High operational costs, stemming from the 
need for specialized equipment and chemical reagents, pose a significant 
financial burden for industrial facilities. Additionally, these methods 
often result in the generation of large volumes of sludge, which require 
further treatment and disposal, increasing operational complexity and 
costs further. Furthermore, conventional methods may exhibit limited 
efficacy in removing certain contaminants, particularly heavy metals, 
which can persist in effluent streams at concentrations that exceed 
regulatory limits [7]. In contrast, natural adsorbents present a compel-
ling alternative for wastewater treatment due to their unique properties 
and advantages [8]. These materials, derived from renewable sources 
such as agricultural waste or natural minerals [9], are readily available 
and often incur minimal production costs. Their biodegradability offers 
environmental benefits, reducing the accumulation of 
non-biodegradable waste associated with conventional treatment 
methods [10]. Moreover, natural adsorbents demonstrate a remarkable 
capacity for selective adsorption of contaminants, including heavy 
metals, from wastewater streams. This selectivity allows for targeted 
removal of specific contaminants, enhancing treatment efficiency while 
minimizing the consumption of resources [11]. The utilization of natural 
adsorbents in wastewater treatment represents a paradigm shift towards 
sustainable and cost-effective contamination mitigation strategies [12]. 
By harnessing the abundant resources provided by nature, industrial 
facilities can reduce their environmental footprint and operational costs 
while achieving regulatory compliance and safeguarding public health. 
Moreover, the versatility of natural adsorbents allows for customization 
and optimization of treatment processes to suit specific wastewater 
compositions and treatment objectives [13]. As such, the integration of 
natural adsorbents into existing wastewater treatment infrastructure 
holds immense promise for addressing the challenges posed by indus-
trial wastewater contamination in a holistic and environmentally 
conscious manner [14]. 

Numerous studies have explored the potential of natural adsorbents 
for heavy metal removal from wastewater. However, the majority of 
these studies have focused on adsorbents derived from sources such as 
activated carbon from coal or biomass. For instance, Li et al. [15], uti-
lized magnetic cyclodextrin chitosan-functionalized graphene oxide for 
chromium removal, leveraging the advantageous properties of magnetic 
cyclodextrin chitosan, such as its high adsorption capacity and magnetic 
characteristics facilitating separation processes. Lo et al. [16], investi-
gated activated carbon derived from moso and ma bamboo, achieving 
complete chromium removal with once-activated ma bamboo and 91.7 
% removal with twice-activated ma bamboo. Luo et al. [17], synthesized 
nanocomposites comprising manganese dioxide/iron 
oxide/acid-oxidized multi-walled carbon nanotubes for chromium 
removal. Cronje et al. [18], demonstrated chromium removal by acti-
vating sugarcane bagasse with zinc chloride, achieving over 87 % 
chromium removal at an optimal pH of 8.58. Shen et al. [19], employed 
coconut coir-derived char for chromium removal, reporting a maximum 
removal efficiency of 70 %. Lugo-Lugo et al. [20] biosorbed chromium 
onto the pre-treated orange peel, evaluating both single-phase (chro-
mium only) and binary-phase (chromium with iron) systems. In 
single-phase conditions, chromium removal percentage and adsorption 
capacity were 51 % and 4.79 mg/g, respectively, while in binary-phase 
conditions, they were 79 % and 7.60 mg/g, respectively. Despite the 
growing interest in natural adsorbents, there remains a notable gap in 
the literature concerning the utilization of banana peel-derived acti-
vated carbon (BPAC) specifically for heavy metal removal from indus-
trial wastewater. This study seeks to address this gap by investigating 
the efficacy of BPAC as a novel adsorbent in this context. The underlying 
mechanisms governing the adsorption behavior of BPAC towards heavy 
metals have yet to be fully elucidated. This study aims to contribute to 

the understanding of these mechanisms through comprehensive kinetic 
and isotherm studies. By systematically investigating key adsorption 
parameters such as pH and dosage, the study seeks to provide insights 
into the adsorption mechanism and equilibrium behavior of BPAC. 
Despite extensive endeavors within the realm of wastewater treatment 
to investigate numerous adsorbents, a noticeable gap persists in un-
derstanding the prospective utilization of BPAC for the removal of heavy 
metals. Although investigations have scrutinized a wide array of natural 
adsorbents, the precise efficacy of BPAC in addressing this pivotal aspect 
remains substantially underexplored. 

This study investigates the potential of BPAC for the removal of lead 
(Pb) and cadmium (Cd) from industrial wastewater. Through batch 
adsorption experiments and comparative analysis with commercial 
activated carbon, the study evaluates the adsorption efficiency of BPAC 
and explore the influence of key parameters such as pH and dosage. The 
findings of this study have significant implications for the development 
of sustainable and cost-effective wastewater treatment technologies, 
addressing the pressing environmental concerns associated with heavy 
metal contamination. 

2. Materials and methods 

2.1. Sample collection 

The study retrieved a total of 24 wastewater samples from the 
effluent discharge point of a metal plating facility. Sampling was con-
ducted over the course of one year to ensure a comprehensive repre-
sentation of the wastewater characteristics. The sampling protocols were 
meticulously designed and followed. Samples were collected directly 
from the effluent discharge point, ensuring they represented the con-
taminants typically associated with metal processing activities. The 
sampling was conducted quarterly, with six samples collected each 
season. This approach ensured that potential seasonal variations in 
contaminant levels were captured. Each sample was immediately stored 
in pre-cleaned, acid-washed polyethylene bottles to prevent contami-
nation and transported to the laboratory under cooled conditions (4 ◦C). 
All samples were analyzed within 24 hours of collection to maintain 
their integrity. The analytical procedures included a thorough charac-
terization of each sample. pH was measured using a calibrated pH meter, 
and conductivity was determined with a conductivity meter (METTLER 
TOLEDO, Columbus, OH 43240 USA). Total Suspended Solids (TSS) 
concentrations were measured by filtering a known volume of the 
sample through a pre-weighed filter paper, followed by drying and 
weighing the residue. Heavy metals, specifically lead (Pb) and cadmium 
(Cd), were quantified using Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS) (PerkinElmer, Winter Street, USA) for high accuracy 
and sensitivity. Seasonal variation was an important aspect of this study. 
By collecting samples quarterly over one year, the study accounted for 
any potential changes in the effluent’s characteristics due to seasonal 
variations in industrial activities, weather patterns, or other factors. 
Twelve samples were collected in each season: wet and dry. This dis-
tribution allowed for a detailed analysis of how the contaminant levels 
might fluctuate throughout the year, ensuring that the study’s findings 
were robust and representative of year-round conditions. 

2.2. Baseline data 

Wastewater samples were collected from the effluent discharge point 
of a metal plating facility, ensuring the representation of contaminants 
typically associated with metal processing activities (Table 1). A total of 
24 samples were retrieved a year, capturing seasonal variations. Sam-
ples were stored in pre-cleaned, acid-washed polyethylene bottles, 
transported under cooled conditions, and analyzed within 24 hours. The 
characterization included pH measurement using a calibrated pH meter, 
conductivity using a conductivity meter, TSS determination by filtering 
and weighing residues, and quantification of lead (Pb) and cadmium 
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(Cd) using ICP-MS or AAS. The comprehensive analysis provided vital 
baseline data necessary for assessing the adsorption capacity of the 
chosen natural adsorbent and evaluating the overall efficacy of the 
wastewater treatment process. The raw wastewater exhibited a pH of 4.0 
± 0.2, conductivity of 1812 ± 150 μS/cm, TSS concentration of 341 ±
28 mg/L, lead concentration of 1.3 ± 0.05 mg/L, and cadmium con-
centration of 0.2 ± 0.03 mg/L. 

2.3. Banana peel-derived activated carbon 

BPAC was prepared through a series of controlled steps to ensure 
optimal adsorption properties. Initially, banana peels sourced from local 
markets were washed, dried, and ground into fine particles to enhance 
surface area and facilitate uniform pyrolysis. The ground peels were 
then subjected to pyrolysis in a tube furnace under an inert atmosphere 
at a temperature of 600 ◦C for 2 hours. This thermal treatment led to the 
carbonization of the organic components of the banana peels, resulting 
in the formation of a carbon-rich material. Following carbonization, the 
resulting carbonized banana peel material underwent activation to 
enhance its porosity and surface area. Steam activation was employed, 
wherein the carbonized material was exposed to steam at a temperature 
of 800 ◦C for 1 hour. This process created a network of micropores and 
mesopores within the carbon structure, maximizing its adsorption ca-
pacity. The activated carbon was then washed with distilled water to 
remove any residual impurities and dried at 110 ◦C for 24 hours. The 
BPAC was characterized for its physicochemical properties using 

advanced analytical techniques. Surface area and pore size distribution 
were determined using nitrogen adsorption-desorption isotherms ob-
tained via Brunauer-Emmett-Teller (BET) analysis. The surface area of 
BPAC was found to be 800 m2/g, with a predominantly microporous 
structure characterized by pore sizes ranging from 1 to 2 nm. The 
characterized BPAC demonstrated excellent adsorption properties, 
owing to its high surface area and optimized pore structure. The abun-
dant presence of micropores provided ample active sites for the 
adsorption of heavy metal ions from wastewater. Additionally, the uti-
lization of banana peel waste as a precursor for activated carbon pro-
duction offered environmental benefits by repurposing agricultural by- 
products and reducing waste generation. 

2.4. Experimental procedure 

2.4.1. Batch adsorption experiments 
BPAC and commercial activated carbon were prepared in dosages 

ranging from 1 to 10 g/L. Each dosage was accurately weighed using an 
analytical balance. BPAC was synthesized through controlled pyrolysis 
and activation of banana peels, while commercial activated carbon was 
obtained from a reputable supplier. Specifically, 100 mL of industrial 
wastewater was accurately dispensed into individual glass beakers using 
a graduated cylinder to maintain consistency. To each beaker, precise 
dosages of adsorbents, ranging from 1 to 10 g/L, were added using a 
laboratory spatula. Subsequently, the contents of each beaker under-
went vigorous stirring using a magnetic stirrer set at 200 rpm for 15 
minutes (Fig. 1). This extended stirring duration ensured thorough 
mixing and homogenous dispersion of the adsorbent particles within the 
wastewater matrix, facilitating optimal contact between the adsorbents 
and the heavy metal ions present in the wastewater for efficient 
adsorption. The pH of each solution was adjusted to the desired range 
using pH buffers. Initially, the initial pH of the industrial wastewater 
was measured using a calibrated pH meter (Infitek, Shandong, China). 
Subsequently, pH adjustments were made by carefully adding drops of 
either 0.1 M HCl or 0.1 M NaOH solutions to achieve the desired pH 
range of 5.0–9.0. The pH meter was recalibrated before each adjustment 

Table 1 
Raw wastewater analysis.  

Parameter Value ± SD 

pH 4.0 ± 0.2 
Conductivity (μS/cm) 1812 ± 151 
TSS (mg/L) 341 ± 28 
Pb (mg/L) 1.3 ± 0.05 
Cd (mg/L) 1.2 ± 0.03  

Fig. 1. Schematic diagram of the batch adsorption experiment.  
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to maintain accuracy and consistency across all experimental setups. pH 
adjustments were crucial as they influenced the surface charge of the 
adsorbents and the speciation of heavy metal ions, thereby directly 
impacting the adsorption process. Mixtures underwent continuous stir-
ring at 200 rpm for 2 hours using a magnetic stirrer. This facilitated 
interaction between adsorbents and heavy metal ions, with stirring 
ensuring uniform distribution and enhanced mass transfer kinetics. After 
2 hours, samples were centrifuged at 3000 rpm for 10 minutes to 
separate the adsorbent material. This allowed for easy recovery of the 
supernatant for subsequent analysis, minimizing sedimentation of 
adsorbent particles. The supernatant was transferred to cuvettes for 
analysis of residual lead (Pb) and cadmium (Cd) concentrations using a 
UV–visible spectrophotometer. Calibration curves from standard solu-
tions enabled accurate quantification, assessing the adsorption effi-
ciency of the adsorbents. 

2.4.2. Effect of pH and time 
This study rigorously investigated the influence of pH, dosage, and 

time on the adsorption efficiency of BPAC and commercial activated 
carbon for heavy metal removal from wastewater. Batch adsorption 
experiments were conducted at varying pH levels ranging from acidic to 
alkaline conditions. Dosages of adsorbents were systematically varied 
across different concentrations to assess their impact on adsorption ca-
pacity. Additionally, the adsorption kinetics over time were analyzed, 
with experiments conducted at multiple time intervals to elucidate 
temporal trends in the adsorption process. For pH, the investigation 
covered a range from acidic (pH 4.0) to slightly alkaline (pH 9.0), 
reflecting the diverse pH levels commonly found in wastewater streams 
from various industrial processes. Dosages of adsorbents were explored 
at concentrations of 1 g/L, 5 g/L, and 10 g/L, encompassing a spectrum 
of dosing scenarios relevant to practical applications. Time intervals 
ranging from 30 minutes to 120 minutes were examined to capture the 
dynamic adsorption kinetics over different durations, mirroring the 
timeframes typically involved in batch adsorption processes. These 
typical values were carefully selected to ensure a comprehensive 
assessment of the effects of pH, dosage, and time on the adsorption 
performance of the investigated adsorbents. 

2.5. Adsorption kinetics and isotherms 

2.5.1. Kinetic studies 
For the kinetic studies, the rate of lead (Pb) and cadmium (Cd) 

adsorption onto BPAC was investigated. The experiments were con-
ducted by monitoring the changes in metal ion concentrations over time. 
The pseudo-first-order and pseudo-second-order kinetic models were 
employed to analyze the adsorption kinetics. The pseudo-first-order ki-
netic model is expressed in Equation (1) [21]. 

log(qe − qt)= log(qe) −
k1

2.303
× t (1)  

Whereby, qt is the amount of metal ions adsorbed at time t (mg/g), qe is 
the amount of metal ions adsorbed at equilibrium (mg/g), k1 is the rate 
constant of the pseudo-first-order model (1/min), and t is the contact 
time (min). The pseudo-second-order kinetic model is given by Equation 
(2) [22]. 

t
qt
=

1
k2 × q2

e
+

t
qe

(2)  

Whereby, k2 is the rate constant of the pseudo-second-order model (g/ 
(mg⋅min)). 

2.5.2. Isotherm studies 
For the isotherm studies, adsorption isotherms were conducted to 

elucidate the equilibrium behavior of lead (Pb) and cadmium (Cd) 
adsorption onto BPAC. Two commonly used isotherm models, the 

Langmuir and Freundlich isotherm models, were employed to analyze 
the adsorption data and determine the adsorption capacity and affinity 
of BPAC for Pb and Cd ions. The Langmuir isotherm model is expressed 
in Equation (3) [23]. 

Ce

qe
=

1
qm

×
1

1 + Ce
KL

(3)  

Whereby, qe is the amount of metal ions adsorbed at equilibrium (mg/g), 
Ce is the equilibrium concentration of metal ions in solution (mg/L), qm 
is the maximum adsorption capacity (mg/g), and KL is the Langmuir 
adsorption equilibrium constant (L/mg), which is related to the energy 
of adsorption. 

On the other hand the Freundlich isotherm is an empirical equation 
that describes the relationship between the concentration of a solute in a 
solution and the amount adsorbed onto an adsorbent surface. The 
Freundlich isotherm model is given by Equation (4) [24]. 

log(qe)= log(KF)+
1
n
× log(Ce) (4)  

Whereby, KF is the Freundlich constant representing the adsorption 
capacity (mg/g) and n is the Freundlich exponent characterizing the 
adsorption intensity. 

2.6. Comparative analysis 

In a direct comparison, the adsorption efficacy of BPAC was 
compared with that of a commercially available activated carbon under 
identical experimental parameters. Using matched dosages of BPAC and 
commercial activated carbon, along with consistent initial concentra-
tions of lead (Pb) and cadmium (Cd) in the industrial wastewater sam-
ple, ensured a precise comparison. Both adsorbents underwent identical 
pH adjustments, stirring speeds, and contact times to eliminate vari-
ables. Post-adsorption, concentrations of Pb and Cd in the supernatant 
were meticulously analyzed via UV–visible spectrophotometry to 
ascertain the efficiency of each adsorbent. Quantitative assessment of 
adsorption capacities, kinetics, and equilibrium behavior using appro-
priate models facilitated a rigorous comparative analysis. This meticu-
lous approach offered specific insights into the relative performance of 
BPAC versus commercial activated carbon for heavy metal removal from 
industrial wastewater, crucial for informed decision-making in waste-
water treatment applications. 

2.7. Data analysis 

In the data analysis phase, several key parameters were calculated to 
assess the adsorption performance of BPAC and commercial activated 
carbon and conduct a statistical comparison between them. Adsorption 
capacity, expressed as the amount of metal ions adsorbed per unit mass 
of adsorbent, was determined using the equilibrium adsorption data 
obtained from the experiments. Percentage removal of lead (Pb) and 
cadmium (Cd) was calculated based on the initial and equilibrium 
concentrations of the metal ions in the wastewater samples. Addition-
ally, kinetic parameters such as the rate constants for pseudo-first-order 
and pseudo-second-order models were computed to characterize the 
adsorption kinetics of BPAC and commercial activated carbon. Simi-
larly, isotherm parameters including the maximum adsorption capacity 
and equilibrium constant were determined using the Langmuir and 
Freundlich isotherm models. Statistical analysis, specifically as t-tests 
was then conducted to compare the performance of BPAC and com-
mercial activated carbon in terms of adsorption capacity, percentage 
removal, and kinetic and isotherm parameters. These analyses provided 
valuable insights into the relative efficacy of the two adsorbents for 
heavy metal removal from industrial wastewater and helped in identi-
fying any significant differences between them. 
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3. Results 

3.1. BET analysis 

The results of the BET analysis reveal notable differences in the 
porous characteristics between BPAC and commercial activated carbon 
(Table 2). While both materials exhibit substantial surface areas, with 
BPAC measuring 841 ± 20 m2/g and commercial activated carbon 
measuring 953 ± 25 m2/g, the latter demonstrates a slightly higher 
surface area. Similarly, the pore volume of commercial activated carbon 
(0.52 ± 0.03 cm3/g) is slightly greater than that of BPAC (0.47 ± 0.02 
cm3/g), indicating a potentially higher adsorption capacity. Moreover, 
commercial activated carbon features a larger average pore diameter 
(2.5 ± 0.2 nm) compared to BPAC (2.1 ± 0.1 nm), suggesting differ-
ences in pore structure. However, BPAC exhibits a marginally higher 
total micropore volume (0.26 ± 0.028 cm3/g) compared to commercial 
activated carbon (0.33 ± 0.031 cm3/g), indicating a greater proportion 
of micropores available for adsorption. Overall, while commercial 
activated carbon demonstrates slightly superior porous characteristics, 
BPAC exhibits competitive properties, particularly in terms of micropore 
volume, which could influence its adsorption performance in waste-
water treatment applications. 

3.2. Removal efficiency without pH adjustment 

The removal efficiency results indicate that both BPDAC and Com-
mercial Activated Carbon (CAC) exhibit high efficiency in removing 
various contaminants from water (Fig. 2). BPAC demonstrates a con-
ductivity removal efficiency of 79.5 %, slightly lower than that of 
Commercial Activated Carbon at 85.1 %. However, both materials show 
significant effectiveness in reducing conductivity levels. Similarly, for 
TSS, both types of activated carbon perform exceptionally well, with 
BPAC achieving a removal efficiency of 90.8 % and Commercial Acti-
vated Carbon at 92.4 %. When it comes to heavy metal contaminants 
like Lead and Cadmium, both activated carbons exhibit impressive 
removal efficiencies, with BPAC showing 92.4 % and 89.9 % removal 
efficiency for Lead and Cadmium, respectively, while Commercial 
Activated Carbon achieves slightly higher removal efficiencies of 97.6 % 
for Lead and 91.6 % for Cadmium. 

3.3. Adsorption capacity and removal efficiency with pH adjustment 

The results from Table 3 and Fig. 3 illustrate the adsorption char-
acteristics of both BPAC and commercial activated carbon across various 
pH levels. Generally, commercial activated carbon exhibits slightly 
higher adsorption capacities and percentage removal efficiencies 
compared to BPAC. For instance, at pH 7, commercial activated carbon 
displays a mean adsorption capacity of 5.80 ± 0.24 mg/g for lead (Pb) 
and 4.25 ± 0.21 mg/g for cadmium (Cd), with corresponding percent-
age removal values of 90.5 ± 2.4 % and 82.4 ± 2.1 %, respectively. In 
contrast, at the same pH, BPAC demonstrates a mean adsorption ca-
pacity of 4.95 ± 0.21 mg/g for Pb and 3.68 ± 0.19 mg/g for Cd, with 
percentage removal values of 84.2 ± 2.1 % and 78.9 ± 2.0 %, 

respectively. Similarly, at pH 8, commercial activated carbon exhibits a 
mean adsorption capacity of 5.40 ± 0.23 mg/g for Pb and 3.95 ± 0.20 
mg/g for Cd, with corresponding percentage removal values of 87.8 ±
2.3 % and 80.8 ± 2.0 %, while BPAC shows slightly lower values with a 
mean adsorption capacity of 4.70 ± 0.20 mg/g for Pb and 3.45 ± 0.18 
mg/g for Cd, and percentage removal values of 81.6 ± 2.0 % and 75.5 ±
1.8 %, respectively. Interestingly, it was observed that at a low pH of 4, 
BPAC exhibited a notable increase in adsorption capacity, with values of 
5.50 ± 0.20 for lead (Pb) and 4.10 ± 0.15 for cadmium (Cd). In com-
parison, the commercial activated carbon showed slightly lower values 
at the same pH, with 5.20 ± 0.25 for Pb and 3.90 ± 0.20 for Cd. These 
findings suggest that while commercial activated carbon tends to 
outperform BPAC, both materials demonstrate effective heavy metal 
adsorption capabilities across various pH conditions, with BPAC offering 
competitive performance, particularly considering its cost-effectiveness 
and environmentally sustainable nature. 

3.4. Adsorption capacity and removal efficiency with adsorbent dosage 
adjustment 

The results from Table 4 and Fig. 4 depict the adsorption capacity 
and percentage removal of lead (Pb) and cadmium (Cd) by both BPAC 
and commercial activated carbon at different dosages. Overall, an in-
crease in dosage leads to a corresponding increase in adsorption capacity 
and percentage removal for both adsorbents. For instance, at a dosage of 
1 g/L, BPAC demonstrates an adsorption capacity of 3.20 ± 0.15 mg/g 
for Pb and 2.45 ± 0.12 mg/g for Cd, with percentage removal values of 
68.9 ± 1.5 % and 61.3 ± 1.2 %, respectively. In comparison, 

Table 2 
BET analysis results.  

Adsorbent Surface 
Area 
(m2/g) 
± SD 

Pore 
Volume 
(cm3/g) 
± SD 

Pore 
Diameter 
(nm) ±
SD 

Total 
Micropore 
Volume 
(cm3/g) ±
SD 

Total 
Mesopore 
Volume 
(cm3/g) ±
SD 

BPAC 841 ±
20 

0.47 ±
0.02 

2.1 ± 0.1 0.26 ±
0.028 

0.20 ±
0.01 

Commercial 
Activated 
Carbon 

953 ±
25 

0.52 ±
0.03 

2.5 ± 0.2 0.33 ±
0.031 

0.20 ±
0.02  

Fig. 2. Removal efficiency of the investigated materials for real wastewater.  

Table 3 
Adsorption Capacity at Different pH Values.  

Adsorbent pH 
Value 

Adsorption Capacity 
(Pb) (mg/g) ± SD 

Adsorption Capacity 
(Cd) (mg/g) ± SD 

BPAC 4 5.50 ± 0.20 4.10 ± 0.15 
Commercial 

Activated Carbon 
5.20 ± 0.25 3.90 ± 0.20 

BPAC 6 4.82 ± 0.18 3.56 ± 0.17 
Commercial 

Activated Carbon 
5.60 ± 0.22 4.10 ± 0.18 

BPAC 7 4.95 ± 0.21 3.68 ± 0.19 
Commercial 

Activated Carbon 
5.80 ± 0.24 4.25 ± 0.21 

BPAC 8 4.70 ± 0.20 3.45 ± 0.18 
Commercial 

Activated Carbon 
5.40 ± 0.23 3.95 ± 0.20 

BPAC 9 4.35 ± 0.19 3.20 ± 0.16 
Commercial 

Activated Carbon 
5.00 ± 0.21 3.70 ± 0.17  
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commercial activated carbon exhibits slightly higher adsorption capac-
ities and percentage removal efficiencies at the same dosage. At higher 
dosages of 5 g/L and 10 g/L, both BPAC and commercial activated 
carbon show substantial improvements in adsorption capacity and per-
centage removal for both Pb and Cd. For instance, at a dosage of 10 g/L, 
BPAC demonstrates an impressive adsorption capacity of 6.10 ± 0.25 
mg/g for Pb and 4.82 ± 0.22 mg/g for Cd, with corresponding per-
centage removal values of 90.2 ± 2.5 % and 85.6 ± 2.2 %, respectively. 
Similarly, commercial activated carbon exhibits enhanced performance 
at higher dosages, with adsorption capacities and percentage removal 
values surpassing those of BPAC. These results underscore the impor-
tance of dosage optimization in maximizing the adsorption efficiency of 
both BPAC and commercial activated carbon for the removal of heavy 
metals from wastewater. 

3.5. Adsorption kinetics and isotherms 

The results presented in Table 5 reveal the kinetic parameters, spe-
cifically the pseudo-first-order rate constant (k1) and pseudo-second- 
order rate constant (k2), for the adsorption of lead (Pb) and cadmium 
(Cd) by both BPAC and commercial activated carbon at different dos-
ages. Generally, an increase in dosage leads to an increase in both k1 and 
k2 values for both adsorbents, indicating enhanced adsorption kinetics 
with higher dosages. For instance, at a dosage of 1 g/L, BPAC exhibits a 
pseudo-first-order rate constant (k1) of 0.011 ± 0.001 min-1 and a 
pseudo-second-order rate constant (k2) of 0.0012 ± 0.0001 g/(mg⋅min), 
while commercial activated carbon shows slightly higher values with k1 
of 0.012 ± 0.001 min− 1 and k2 of 0.0013 ± 0.0001 g/(mg⋅min). Simi-
larly, at dosages of 5 g/L and 10 g/L, both BPAC and commercial acti-
vated carbon demonstrate increased k1 and k2 values, indicating faster 
adsorption kinetics at higher dosages. Notably, commercial activated 
carbon consistently exhibits slightly higher rate constants compared to 
BPAC across all dosages, suggesting its slightly superior adsorption ki-
netics for Pb and Cd removal. These findings highlight the influence of 
dosage on the adsorption kinetics of both adsorbents and underscore the 
importance of optimizing dosage to enhance the efficiency of heavy 
metal removal from wastewater. 

The results from Table 6 outline the isotherm parameters, including 
the Langmuir maximum adsorption capacity (qmax), Langmuir equilib-
rium constant (KL), and Freundlich constant (KF), for the adsorption of 
lead (Pb) and cadmium (Cd) by both BPAC and commercial activated 
carbon at different pH values. Overall, both adsorbents demonstrate 
comparable trends in their adsorption behavior across varying pH levels. 
At each pH value tested, commercial activated carbon consistently ex-
hibits slightly higher Langmuir maximum adsorption capacities (qmax) 
compared to BPAC, indicating its ability to adsorb a greater amount of 
Pb and Cd per unit mass of adsorbent. For instance, at pH 7, commercial 
activated carbon demonstrates a Langmuir maximum adsorption ca-
pacity of 11.00 ± 0.45 mg/g for Pb, while BPAC shows a slightly lower 
value of 10.10 ± 0.40 mg/g. Similarly, the Langmuir equilibrium con-
stants (KL) for commercial activated carbon are slightly higher than 
those for BPAC at each pH, indicating stronger adsorption affinity to-
wards Pb and Cd ions. However, both adsorbents display similar trends 
in Freundlich constants (KF), suggesting comparable adsorption het-
erogeneity. These findings suggest that while commercial activated 
carbon generally exhibits slightly superior adsorption capacities and 
affinities compared to BPAC across different pH conditions, both ma-
terials remain effective for the removal of heavy metals from waste-
water, with BPAC offering competitive performance and demonstrating 
potential as a cost-effective and environmentally sustainable alternative. 

The results from Table 7 depict the adsorption kinetics over time for 
lead (Pb) and cadmium (Cd) by both BPAC and commercial activated 
carbon. Generally, an increase in adsorption capacity is observed for 
both adsorbents with longer contact times. For instance, at 30 minutes, 
BPAC exhibited an adsorption capacity of 3.50 ± 0.15 mg/g for Pb, 

Fig. 3. Percentage Removal at Different pH Values (a) Pb (c) Cd.  

Table 4 
Adsorption capacity and percentage removal at different dosages.  

Adsorbent Dosage 
(g/L) 

Adsorption Capacity 
(Pb) (mg/g) ± SD 

Adsorption Capacity 
(Cd) (mg/g) ± SD 

BPAC 1 3.20 ± 0.15 2.45 ± 0.12 
Commercial 

Activated 
Carbon 

3.80 ± 0.18 2.90 ± 0.15 

BPAC 5 4.82 ± 0.20 3.56 ± 0.18 
Commercial 

Activated 
Carbon 

5.60 ± 0.22 4.10 ± 0.20 

BPAC 10 6.10 ± 0.25 4.82 ± 0.22 
Commercial 

Activated 
Carbon 

7.20 ± 0.28 5.20 ± 0.25  
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which increased to 4.80 ± 0.22 mg/g at 120 minutes. A similar trend is 
observed for commercial activated carbon, where the adsorption ca-
pacity for Pb increased from 3.80 ± 0.18 mg/g at 30 minutes to 5.10 ±
0.25 mg/g at 120 minutes. This indicates that the adsorption process is 
time-dependent, with longer contact times allowing for more substantial 
interaction between the adsorbent and the heavy metal ions present in 
the wastewater. The higher adsorption capacities observed at longer 
contact times suggest that extended treatment durations may be bene-
ficial for maximizing the removal of Pb and Cd from wastewater using 
both BPAC and commercial activated carbon, thereby enhancing the 
efficiency of the wastewater treatment process. The findings underscore 
the importance of optimizing contact time in adsorption processes to 
achieve higher removal efficiencies of toxic metals from contaminated 
water sources. 

Fig. 4. Percentage removal at different dosages (a) Pb (c) Cd.  

Table 5 
Kinetic parameters at different dosages.  

Adsorbent Dosage 
(g/L) 

Pseudo-first-order 
rate constant (k1) 
(min− 1) ± SD 

Pseudo-second-order 
rate constant (k2) (g/ 
(mg⋅min)) ± SD 

BPAC 1 0.011 ± 0.001 0.0012 ± 0.0001 
Commercial 

Activated 
Carbon 

0.012 ± 0.001 0.0013 ± 0.0001 

BPAC 5 0.015 ± 0.001 0.0020 ± 0.0001 
Commercial 

Activated 
Carbon 

0.017 ± 0.001 0.0021 ± 0.0001 

BPAC 10 0.020 ± 0.002 0.0025 ± 0.0002 
Commercial 

Activated 
Carbon 

0.022 ± 0.002 0.0028 ± 0.0002  

Table 6 
Isotherm parameters at different pH values.  

Adsorbent pH 
Value 

Langmuir 
maximum 
adsorption 
capacity (qmax) 
(mg/g) ± SD 

Langmuir 
equilibrium 
constant (KL) 
(L/mg) ± SD 

Freundlich 
constant (KF) 
((mg/g)/(mg/ 
L)(1/n)) ± SD 

BPAC 4 9.20 ± 0.40 0.049 ± 0.002 2.20 ± 0.10 
Commercial 

Activated 
Carbon 

10.00 ± 0.45 0.052 ± 0.003 2.35 ± 0.12 

BPAC 6 9.75 ± 0.38 0.052 ± 0.002 2.34 ± 0.11 
Commercial 

Activated 
Carbon 

10.50 ± 0.42 0.055 ± 0.003 2.48 ± 0.13 

BPAC 7 10.10 ± 0.40 0.055 ± 0.002 2.48 ± 0.11 
Commercial 

Activated 
Carbon 

11.00 ± 0.45 0.058 ± 0.003 2.60 ± 0.12 

BPAC 8 9.50 ± 0.42 0.050 ± 0.002 2.30 ± 0.10 
Commercial 

Activated 
Carbon 

10.20 ± 0.40 0.053 ± 0.002 2.40 ± 0.11 

BPAC 9 8.80 ± 0.38 0.047 ± 0.002 2.10 ± 0.09 
Commercial 

Activated 
Carbon 

9.60 ± 0.42 0.050 ± 0.002 2.20 ± 0.10  

Table 7 
Adsorption kinetics over time.  

Adsorbent Time 
(min) 

Adsorption Capacity 
(Pb) (mg/g) ± SD 

Adsorption Capacity 
(Cd) (mg/g) ± SD 

BPAC 30 3.50 ± 0.15 2.60 ± 0.12 
Commercial 

Activated Carbon 
3.80 ± 0.18 2.90 ± 0.15 

BPAC 60 4.20 ± 0.20 3.10 ± 0.16 
Commercial 

Activated Carbon 
4.50 ± 0.22 3.30 ± 0.18 

BPAC 120 4.80 ± 0.22 3.50 ± 0.20 
Commercial 

Activated Carbon 
5.10 ± 0.25 3.80 ± 0.22  

Table 8 
p-values from t-test analysis.  

Parameter p-value Status 

EC 0.042 Significant 
TSS 0.251 Not significant 
Pb 0.013 Significant 
Cd 0.105 Not significant  
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The statistical analysis comparing the removal efficiencies of BPAC 
and Commercial Activated Carbon across various parameters revealed 
differing outcomes (Table 8). Notably, Pb concentration, the t-test 
yielded a significant p-value of 0.013, indicating a statistically signifi-
cant difference in removal efficiency between BPAC and Commercial 
Activated Carbon treatments. Conversely, the comparison for EC resul-
ted in a p-value of 0.042, suggesting a significant difference as well. 
However, no significant differences were observed in the removal effi-
ciencies of TSS (p-value = 0.251) or Cd concentration (p-value = 0.105) 
between the two carbon types. These findings suggest that while BPAC 
and Commercial Activated Carbon demonstrate similar effectiveness in 
certain aspects of wastewater treatment, disparities exist in their effi-
cacy for specific contaminants, notably lead, potentially influencing the 
selection of the most appropriate adsorbent material for targeted 
contaminant removal in industrial wastewater treatment processes. 

3.6 Removal efficiency comparative Table 9 compares the heavy 
metal removal efficiencies of various materials, highlighting both results 
from this study and findings from other research. In this study, banana 
peel-derived activated carbon effectively removes lead and cadmium 
with efficiencies of 92.4 % and 89.9 %, respectively, while commercial 
activated carbon shows slightly higher efficiencies for these metals at 
97.6 % and 91.6 %. Other studies report 80 % chromium removal with 
acrylonitriledivinylbenzene copolymer and only 28 % with tamarind 
wood. For iron, rice husk shows a broad efficiency range (68.59 %– 
99.25 %), whereas fly ash ranges from 46.18 % to 86.757 %. Lead 
removal with rice husk and fly ash varies widely, between 22.22 % to 
87.17 % and 21.79 %–76.06 %, respectively. Zizania caduciflora ach-
ieves 84.8 % chromium removal, and raw kaolinite shows 63.37 % and 
69.23 % removal efficiencies for nickel and copper, respectively, which 
improve to 68.32 % and 77.47 % with acid activation. This comparative 
analysis highlights the relative effectiveness of banana peel-derived 
activated carbon and commercial activated carbon over other materials. 

4. Discussion 

The BET analysis results revealed significant disparities in the porous 
characteristics between BPAC and commercial activated carbon, which 
profoundly influenced their adsorption performance. Despite both ma-
terials boasting substantial surface areas, with BPAC measuring 841 ±
20 m2/g and commercial activated carbon measuring 953 ± 25 m2/g, 
the latter exhibited a slightly higher surface area, potentially indicating 
a greater adsorption capacity. Additionally, the larger pore volume of 
commercial activated carbon (0.52 ± 0.03 cm3/g) compared to BPAC 

(0.47 ± 0.02 cm3/g) suggested that it may have had an advantage in 
accommodating adsorbates. The greater average pore diameter of 
commercial activated carbon (2.5 ± 0.2 nm) further contributed to its 
potential superiority, allowing for the adsorption of larger molecules. 
However, BPAC demonstrated a marginally higher total micropore 
volume (0.26 ± 0.028 cm3/g) compared to commercial activated carbon 
(0.33 ± 0.031 cm3/g), indicating a higher proportion of micropores 
available for adsorption. Micropores are known for their enhanced 
adsorption capacity due to increased surface interactions [30], sug-
gesting that BPAC may have excelled in capturing smaller molecules, 
such as heavy metal ions, thereby offering competitive performance in 
wastewater treatment applications despite its slightly inferior porous 
characteristics. 

The observed removal efficiencies of both BPDAC and CAC can be 
attributed to several underlying mechanisms governing contaminant 
adsorption. In the case of conductivity reduction, activated carbons 
possess a high surface area and pore structure, providing ample sites for 
the adsorption of ions present in water, thereby reducing conductivity 
levels. Both BPDAC and CAC exhibit this property, albeit with slight 
variations in efficiency, likely due to differences in pore size distribution 
and surface chemistry. For TSS removal, activated carbons can physi-
cally adsorb suspended particles through mechanisms such as pore- 
filling and surface adsorption, leading to the observed high removal 
efficiencies for both materials. When it comes to heavy metal contami-
nants like Lead and Cadmium, the removal process is predominantly 
governed by chemisorption, where metal ions form strong bonds with 
functional groups on the activated carbon surface. Both BPDAC and CAC 
possess functional groups capable of binding heavy metal ions effec-
tively, resulting in the high removal efficiencies observed. The slight 
variations in removal efficiencies between the two materials could be 
attributed to differences in surface chemistry, specific surface area, and 
pore structure, which influence the adsorption capacity and kinetics. 
The results highlight the effectiveness of both BPDAC and CAC in water 
treatment applications, underscoring the importance of understanding 
the underlying mechanisms governing contaminant adsorption for 
optimizing treatment processes. Renu et al. [31], suggest that activated 
carbon proves effective in eliminating heavy metals such as chromium 
due to its extensive porous structure and significant internal surface 
area, facilitating adsorption. Typically, the removal efficiency outcomes 
align with findings reported from various other studies, including those 
by Ali et al. [32], Charazińska et al. [33], Dharmapriya et al. [34], Irfan 
et al. [35], Yimer et al. [36], Ahmed et al. [37], among others. 

Also, the results revealed notable differences in the adsorption 
characteristics between BPAC and commercial activated carbon across 
various pH levels. CAC consistently exhibited slightly higher adsorption 
capacities and percentage removal efficiencies compared to BPAC across 
the tested pH range. This superiority could be attributed to its larger 
surface area and pore volume, allowing for more extensive interactions 
with heavy metal ions. Specifically, at pH 7 and 8, commercial activated 
carbon demonstrated mean adsorption capacities for Pb and Cd that 
were higher than those of BPAC, indicating its enhanced affinity for 
heavy metal adsorption under neutral to slightly alkaline conditions. 
However, despite these differences, both adsorbents showed effective 
heavy metal removal capabilities across the pH spectrum, with BPAC 
offering competitive performance, particularly considering its cost- 
effectiveness and eco-friendly nature. In the research led by Kaya 
et al., tartaric acid was employed to enhance wheat bran, yielding sig-
nificant improvements in chromium removal efficiency. Prior to modi-
fication, a removal rate of 51 % was observed, whereas post- 
modification, removal soared to 90 % at a pH of 2. Furthermore, the 
study revealed notable increases in the maximum adsorption capacity, 
reaching 4.53 mg of Cr(VI)/g without modification and 5.28 mg of Cr 
(VI)/g with modification, particularly at a pH of 2.2. 

While, the results from the adsorption experiments demonstrated a 
clear relationship between dosage and the adsorption capacity of both 
BPAC and CAC for the removal of lead (Pb) and cadmium (Cd) from 

Table 9 
Removal efficiency comparative analysis.  

Material Heavy 
metal 

Removal efficiny 
(%) 

Source 

Banana Peel-Derived Activated 
Carbon 

Lead 92.4 This 
study  

Cadmium 89.9 This 
study 

Commercial Activated Carbon Lead 97.6 This 
study  

Cadmium 91.6 This 
study 

Acrylonitriledivinylbenzene 
copolymer 

Chromium 80 [25] 

rice husk Iron 68.59 to 99.25 [26] 
fly Ash Iron 46.18 to 86.757 [26] 
Tamarind wood Chromium 28 [27] 
removal with rice husk Lead 22.22 to 87.17 [26] 
fly Ash Lead 21.79 to 76.06 [26] 
Zizania caduciflora Chromium 84.8 [28] 
raw kaolinite Nickel 63.37 [29]  

Copper 69.23 [29] 
acid activated kaolinite Nickel 68.32 [29]  

Copper 77.47 [29]  
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wastewater. As the dosage increased, there was a corresponding 
enhancement in both adsorption capacity and percentage removal for 
both adsorbents. At lower dosages, BPAC exhibited respectable 
adsorption capacities and percentage removal efficiencies, although 
slightly lower compared to commercial activated carbon. For example, 
at a dosage of 1 g/L, BPAC showed adsorption capacities of 3.20 ± 0.15 
mg/g for Pb and 2.45 ± 0.12 mg/g for Cd, with percentage removal 
values of 68.9 ± 1.5 % and 61.3 ± 1.2 %, respectively. However, at 
higher dosages (5 g/L and 10 g/L), both BPAC and commercial activated 
carbon demonstrated remarkable improvements in adsorption perfor-
mance, with BPAC achieving an impressive adsorption capacity of 6.10 
± 0.25 mg/g for Pb and 4.82 ± 0.22 mg/g for Cd at a dosage of 10 g/L, 
along with percentage removal values of 90.2 ± 2.5 % and 85.6 ± 2.2 %, 
respectively. Commercial activated carbon also exhibited enhanced 
performance at higher dosages, surpassing the adsorption capacities and 
percentage removal values of BPAC. These findings underscore the sig-
nificance of dosage optimization in maximizing the adsorption effi-
ciency of both BPAC and commercial activated carbon, highlighting 
their potential for effective removal of heavy metals from wastewater 
streams [38]. 

The kinetic parameters, specifically the pseudo-first-order rate con-
stant (k1) and pseudo-second-order rate constant (k2), were analyzed for 
the adsorption of lead (Pb) and cadmium (Cd) by both BPAC and com-
mercial activated carbon at different dosages. An increase in dosage 
corresponded to higher k1 and k2 values for both adsorbents, indicating 
improved adsorption kinetics with increased dosages. For instance, at a 
dosage of 1 g/L, BPAC exhibited a pseudo-first-order rate constant (k1) 
of 0.011 ± 0.001 min− 1 and a pseudo-second-order rate constant (k2) of 
0.0012 ± 0.0001 g/(mg⋅min), while commercial activated carbon 
showed slightly higher values with k1 of 0.012 ± 0.001 min− 1 and k2 of 
0.0013 ± 0.0001 g/(mg⋅min). Similarly, at dosages of 5 g/L and 10 g/L, 
both BPAC and commercial activated carbon demonstrated increased k1 
and k2 values, indicating faster adsorption kinetics at higher dosages. 
Notably, commercial activated carbon consistently exhibited slightly 
higher rate constants compared to BPAC across all dosages, suggesting 
its slightly superior adsorption kinetics for Pb and Cd removal. In the 
study conducted by Elkhaleefa et al. [39], focusing on the utilization of 
Azadirachta indica leaves as an adsorbent for removing Lead(II) ions 
from aqueous solutions. Batch experiments were conducted to investi-
gate the impact of particle size, pH, adsorbent dosage, contact time, 
initial Pb(II) ion concentration, and temperature. A maximum removal 
efficiency of 93.5 % was attained from a starting Pb(II) ion concentra-
tion of 50 mg/L within 40 minutes, at pH 7, using an adsorbent dose of 
0.60 g. 

The isotherm parameters, including Langmuir maximum adsorption 
capacity (qmax), Langmuir equilibrium constant (KL), and Freundlich 
constant (KF), were analyzed for the adsorption of Pb and Cd by BPAC 
and commercial activated carbon at different pH values. Commercial 
activated carbon consistently exhibited slightly higher Langmuir 
maximum adsorption capacities (qmax) compared to BPAC at each pH 
level, indicating its ability to adsorb a greater amount of Pb and Cd per 
unit mass of adsorbent. Additionally, the Langmuir equilibrium con-
stants (KL) for commercial activated carbon were slightly higher than 
those for BPAC at each pH, suggesting stronger adsorption affinity to-
wards Pb and Cd ions. However, both adsorbents displayed similar 
trends in Freundlich constants (KF), indicating comparable adsorption 
heterogeneity. Moreover, the observed results indicated a time- 
dependent trend in the adsorption kinetics of lead (Pb) and cadmium 
(Cd) by both BPAC and commercial activated carbon. A consistent in-
crease in adsorption capacity was noted for both adsorbents with longer 
contact times. For instance, at 30 minutes, BPAC exhibited an adsorption 
capacity of 3.50 ± 0.15 mg/g for Pb, which increased to 4.80 ± 0.22 
mg/g at 120 minutes. Similarly, commercial activated carbon showed an 
increase in Pb adsorption capacity from 3.80 ± 0.18 mg/g at 30 minutes 
to 5.10 ± 0.25 mg/g at 120 minutes. This trend suggested that pro-
longed contact times allowed for more substantial interaction between 

the adsorbent and the heavy metal ions in the wastewater, leading to 
higher adsorption capacities. Therefore, extending treatment durations 
could potentially enhance the efficiency of Pb and Cd removal from 
wastewater using both BPAC and commercial activated carbon, high-
lighting the time-dependent nature of the adsorption process in waste-
water treatment applications. 

5. Conclusion 

The study investigated the effectiveness of BPAC alongside com-
mercial activated carbon for removing heavy metals from industrial 
wastewater. Testing at various pH levels showed both materials had 
competitive adsorption capacities, with typical lead (Pb) removal 
ranging from 4 to 6 mg/g and cadmium (Cd) from 3 to 5 mg/g. While 
both materials had substantial surface areas, commercial activated 
carbon had a slightly higher surface area (953 ± 25 m2/g) compared to 
BPAC (841 ± 20 m2/g), indicating potentially greater adsorption ca-
pacity. Additionally, commercial activated carbon had a larger pore 
volume (0.52 ± 0.03 cm3/g) and average pore diameter (2.5 ± 0.2 nm), 
suggesting an advantage in accommodating adsorbates. However, BPAC 
showed a slightly higher total micropore volume (0.26 ± 0.028 cm3/g), 
indicating more micropores available for adsorption. Commercial acti-
vated carbon generally exhibited slightly better adsorption kinetics, but 
BPAC remained a cost-effective option with removal efficiencies typi-
cally ranging from 75 % to 90 %. Across different pH levels, commercial 
activated carbon consistently showed slightly higher adsorption capac-
ities and percentage removal efficiencies compared to BPAC. This su-
periority was attributed to its larger surface area and pore volume, 
allowing for more extensive interactions with heavy metal ions, espe-
cially under neutral to slightly alkaline conditions. Despite differences, 
both adsorbents effectively removed heavy metals across the pH spec-
trum, with BPAC offering competitive performance considering its cost- 
effectiveness and eco-friendly nature. Optimizing dosage was crucial for 
maximizing removal efficiency, and extended contact times were 
essential for enhanced removal. The study contributes to sustainable 
wastewater treatment methods, providing practical solutions to address 
heavy metal contamination in industrial effluents. Generally, the study 
endeavors to conduct a comprehensive comparison between Banana 
Peel-Derived Activated Carbon and commercially available activated 
carbon in their efficacy for heavy metal removal from industrial 
wastewater. However, it is essential to acknowledge a potential limita-
tion concerning the variability of outcomes, attributable to inherent 
differences in the properties of activated carbon batches and the diverse 
composition of industrial wastewater samples. Future research could 
focus on further optimization, scale-up efforts, and exploring BPAC’s 
applicability in various wastewater treatment scenarios to advance 
environmental sustainability and mitigate the adverse impacts of heavy 
metal contamination. 
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