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Abstract: This study investigated the characteristics of banana peel biochar (BPB) produced from
two particle sizes of banana waste at varying temperatures. The biochar yield decreased with
increasing temperature and decreasing particle size. Physicochemical analysis showed the presence
of amorphous carbon, fullerene, and chaolite in BPB produced at 500 ◦C. X-ray fluorescence(XRF)
analysis showed high carbon, potassium, and chlorine percentages in BPB. BPB was found to be a
promising adsorbent for copper (Cu2+) removal, with a maximum adsorption capacity of 54.9 mg/g
and optimal Cu2+ concentrations for adsorption at 450 and 550 mg/L.
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1. Introduction

Municipal solid waste generation in Lebanon has increased with the improvements in
living standards, population growth, and urbanization, resulting in a yearly production of
2.55 million tons of waste. The majority of waste is organic matter, and traditional disposal
methods include landfilling, incineration, and composting [1,2]. The cost of solid waste
management in Lebanon is approximately USD 420 million per year and the improper
handling of waste results in environmental damages of USD 66.5 million annually [3].
Dumped organic waste harms human health and the environment, producing greenhouse
gases, leachate, and disease vectors [4]. Banana peels, which make up a significant portion
of waste, can be transformed into high-value-added products like biochar [5,6]. Biochar
has a wide surface area and an abundance of functional groups, making it useful for the
adsorption of organic pollutants [7,8]. Pyrolysis, the carbonization process used to produce
biochar, greatly affects its physicochemical properties, such as porosity, surface area, and
adsorption capacity [9,10]. Therefore, selecting the appropriate pyrolysis temperature is
crucial for biochar production [11].

The main goal of this study is to produce biochar from banana peels under var-
ious experimental conditions and to test their efficiency in the adsorption of copper
from synthetic solutions. The specific objectives of this experimental investigation are
(i) the assessment of the impact of the banana peels particle size and pyrolysis temper-
atures on the characteristics of the produced biochar, and (ii) the determination of the
efficiency of this biochar in eliminating copper from synthetic solution under various
experimental conditions.
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2. Materials and Methods
2.1. Biochar Preparation

Banana peels were used in our experimental procedure. The peels were collected from
a Lebanese kitchen waste, washed, air-dried, washed again, and dried in an oven. They
were then grinded and sieved into 1 mm and 3 mm particles. The two types of banana
peel waste were pyrolyzed at different temperatures (200–600 ◦C) and the resulting biochar
was weighed to calculate the biochar yield. The experiments were carried out at a constant
heating rate (5 ◦C/min) and residence time (1 h). The biochar yield was calculated using a
formula (Equation (1)). Each experiment was performed three times and the mean values
were reported. The standard deviation for all assays was less than 3%.

Biochar yield (%) =
ma (g)
mb (g)

× 100 (1)

where mb and ma refer to the weight (g) of the sample before and after the pyrolysis
process, respectively.

2.2. Biochar Characterization

The physicochemical properties of the produced biochar were obtained using different
techniques, such as ash content, humidity ratio, pH, electrical conductivity, XRD analysis,
SEM and XRF. These techniques were used to determine the crystal structure, surface area,
morphology, chemical composition, and functional groups present in the biochar.

2.3. Adsorption Experiment

To prepare copper solutions, CuSO4.5H2O (BDH laboratory supplies, Poole, UK)
was dissolved in ultra-pure water to obtain a mother solution of Cu2+ (1000 mg L−1),
which was stored at 4 ◦C with HCl. The concentration of Cu2+ was determined using
flame atomic absorption spectrometry (Beijing Rayleigh Analytical Instrument Corporation
(BRAIC),FAAS, Rayleigh, WFX-200 AA Spectrophotometer Beijing, China,). Adsorption
experiments were conducted using the best-synthesized biochar. Briefly, 0.5 g of biochar
was shaken in 50 mL of Cu2+ solution (50–550 mg L−1) for one hour at 220 rpm. After
filtration, the residual metal concentration was determined using flame atomic absorption
spectrometry. Experiments were performed in triplicate and a blank solution was used for
quality control.

3. Results
3.1. Biochar Yield

The biochar yield decreases from 52% to 25% when produced at 250 ◦C from two
different grain sizes of BP (Figure 1). An increase in the pyrolysis temperature leads
to a reduction in biochar yield, likely due to the conversion of biomass composed from
cellulose, hemicellulose, and lignin into gases and bio-oil at high temperatures. Particle size,
temperature, and heating rate all interact to affect the biochar yield. Lower temperatures
lead to higher biochar yields because of faster primary decomposition and devolatilization.
The 1 mm grain size produced ash at a lower temperature (200 ◦C) than the 3 mm grain
size (350 ◦C) due to differences in surface reactivity and other grain properties.
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Figure 1. Effect of banana peels particles size and pyrolysis temperature on the biochar yield.

3.2. Ash Content

The ash content of BPB was 15.76% and 17.29% for particle sizes of 1 mm and 3 mm,
respectively, at 600 ◦C.

3.3. pH and Electrical Conductivity

Figure 2 presents the obtained values of pH and electrical conductivity of BPB for the
different temperatures. It shows that pH of biochar increases with carbonization temper-
ature due to the formation of carbonates and inorganic alkalis. Biochar pH values range
from 6.5 to 11, with BPB at T = 400 ◦C having a remarkably high pH value of 11. Electrical
conductivity values also increase with pyrolysis temperature, but the values obtained in
this study are lower than those reported in other studies [12]. This difference could be
explained by the initial organic waste used and the adopted experimental conditions.
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3.4. X-ray Diffraction (XRD)

X-ray diffraction (XRD) analysis was used to study the structural order in carbon
solids derived from banana peels biochar (BPB) at different pyrolysis temperatures and
particle sizes. The loading of graphitic basal planes is observed at a 2θ value of 25◦. The
XRD pattern shows a different profile at 500 ◦C due to the appearance of chaolite and
fullerene. Banana peel is thermally decomposed into chaolite and fullerene (Figure 3).
The XRD peak intensities increase with increasing temperature, indicating the successive
ordering of carbon in aromatic structures. Conversely, the increasing disorder trend is
explained by the evolution of gas species forming throughout pyrolysis. The same peaks
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and their intensities are observed for the two particles sizes (1 and 3 mm), so particle size
do not have any effect on the structural order in biochar.
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Figure 3. XRD analysis of raw PB with a particle size of 1 mm (a) and 3 mm (b) and its derived
biochar at temperatures of 250, 350, and 500 ◦C.

3.5. Scanning Electron Microscopy (SEM)

Figure 4 shows the SEM images of BP biochar produced at pyrolysis temperatures of
400, 300, and 350 ◦C, respectively. It can be seen that all biochar is composed of aggregates
of different sizes. They have irregular shapes and structures.
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Figure 4. Scanning electron microscopy images of biochar at T = 300, 350 and 400 ◦C, magnified
at ×1000.

3.6. X-ray Fluorescence (XRF) Analysis

The composition of banana peel biochar (BPB) was analyzed, as shown in Figure 5.
BPB contains mainly carbon, potassium, and chlorine. The percentage of these elements
varied with pyrolysis temperature, and chlorine content was affected by particle size. Other
minerals, such as calcium and magnesium, have been reported in varying levels in BPB
due to differences in banana varieties, peel removal methods, and pyrolysis temperatures.
The high percentage of chlorine in some banana peels may be due to pesticide contamina-
tion [13]. Further studies are needed to confirm the concentration and origin of chlorine
in BPB and an elementary analysis should be conducted to determine the carbon and
oxygen contents.
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3.7. Copper Adsorption

In this study, the effect of different initial copper (Cu2+) concentrations on the adsorp-
tion capacity and removal efficiency of biochar was investigated. For this experiment, the
pH was kept constant at 4.95 and a contact time of 60 min with an adsorbent dose of 0.5 g
was used. The adsorption capacity was calculated using the following equation:

qe =
C0 − Ce

m
× v (2)

where qe, the equilibrium adsorption capacity (mg/g); C0 and Ce, the initial and equilibrium
copper concentrations in the water (mg/L), respectively; V, volume of used water (L); and
m, the mass of dried (grounded powder) bioadsorbent (g).

The results showed that the adsorption capacity increased with an increase in Cu2+

concentration from 50 to 550 mg/L and the removal efficiency also improved by approx-
imately 40% for Cu2+ (Figure 6). The Langmuir model was found to be a better fit for
the experimental data than the Freundlich model, indicating that the adsorption pro-
cess is heterogenous on monomolecular layer surfaces through the chemical processes.
The Freundlich constant ‘n’ value for Cu was 5.31, indicating a favorable adsorption
process (Table 1). However, the Q max value was lower than the experimentally at-
tained values, suggesting that the adsorbents may reach saturation capacity at lower initial
metal concentrations.
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Table 1. Freundlich and Langmuir model.

Freundlich Model Langmuir Model

n 5.31 Qm 1.47
kf 2.7 k −32.38
R2 0.86 R2 0.88

4. Conclusions

This study shows that banana peel can be a low-cost and effective source of biomass
for producing biochar, which has great potential for removing heavy metals like copper
from synthetic solutions. This study highlights the importance of pyrolysis conditions for
optimizing biochar properties and further research is needed to evaluate its effectiveness
for different applications and to optimize pyrolysis conditions. Overall, this study suggests
that banana peel could be a promising resource for producing biochar, contributing to more
sustainable production processes.

Author Contributions: G.K., M.I., M.J. and A.H. contributed equally to this work. All authors have
read and agreed to the published version of the manuscript.
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