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Abstract

Here, banana peel biochar (BPBC) generated from discarded saba banana peels powder (SBPP) was utilized

as an adsorbent in this study to remove diesel oil from water. The BPBC was synthesized using a slow pyrolysis
method and characterized using SEM, EDX, FTIR, DSC, TGA, BET, contact angle analyzer, and XRD. The results showed
that BPBC exhibited high porosity, thermal stability, and hydrophobic character, making it a promising adsorbent

for oil-water separation and environmental remediation. The adsorption capacity of BPBC for diesel oil removal

was examined in terms of adsorbent dose, pH level, salinity, and contact time. Increasing the BPBC dosage, con-

tact time, and salinity significantly enhanced the sorption capacity, however, pH variations had no significant effect
on adsorption. Adsorption parameters were correlated using a reduced cubic model, and an adsorbent dose of 2.50g,
pH of 7.00, salinity of 44,999.95 mg/L, and contact duration of 240 minutes were found to be optimal, producing

a sorption capacity of 5.3352 g diesel oil/g adsorbent. The adsorption process was characterized by the first-order
kinetic model. The creation of multilayer adsorption on the BPBC surface was confirmed by the BET isotherm. Adsorp-
tion characterization revealed changes in the surface morphology, elemental analysis, and functional groups of BPBC
after adsorption. SEM revealed occupied surface pores, and EDX analysis verified an increase in carbon content.

The presence of adsorbed diesel oil molecules on the BPBC surface was detected by FTIR analysis, which exhibited
changes in peak appearance and functional group shifts. Overall, this study presents an adsorbent derived from waste
material for diesel oil adsorption, which is useful for remediating oil spills and for wastewater treatment.

Highlights

« Biochar from saba banana peels was used as an adsorbent to remove diesel oil from water.

- The diesel oil solution environmental conditions were optimized to maximize oil adsorption.

- Diesel oil adsorption on biochar follows the first-order kinetic model and the BET isotherm model.
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1 Introduction

Oil spills may be extremely dangerous to marine birds,
sea turtles, and mammals, as well as fish and shellfish,
depending on the conditions. Oil diminishes the water-
repelling ability of bird feathers and the insulating quali-
ties of fur-bearing animals like sea otters, leaving them
vulnerable to the harsh climate. Many birds and animals
ingest oil and become poisoned when they try to clean
themselves or eat greased prey. Additionally, hydrocar-
bon contamination has a negative impact on both human
health and marine life (Cai et al. 2019). The persistent
release of hydrophobic pollutants into water bodies,
particularly diesel oil resulting from industrial activities,
transportation, and accidental spills, has far-reaching
consequences on aquatic ecosystems and human health.
Diesel oil contains a complex mixture of hydrocarbons,
including aromatic and aliphatic compounds, which
can disrupt the balance of ecosystems and pose risks to
aquatic life. Traditional methods of remediation such as
bacterial degradation (Goveas et al. 2022), adsorption
using magnetic materials (Qiao et al. 2019) and poly-
mers (Haridharan et al. 2022), use of biosurfactants (Patel
et al. 2019), and sorbent devices (Bhardwaj and Bhaskar-
war 2018) often involve costly and resource-intensive
processes. Thus, there is a growing need for sustainable,
cost-effective, and eco-friendly approaches to address
diesel oil contamination in water.

One way of achieving a sustainable solution to hydro-
carbon pollution in water is by developing new adsor-
bents from cheap raw materials that can efficiently
remove oil from water. Recently, the use of biochar as an
adsorbent for oil spill remediation has gained popular-
ity (Pallewatta et al. 2023; Silvani et al. 2017; Zhao et al.
2023). Biochar is a carbon-rich substance created by
high-temperature treatment of biomass in an oxygen-
free environment, such as hardwood or dung. “Biochar”
comes from the terms “bio-” which is “biomass” and
“char” to “charcoal” Biochar is characterized by a sur-
face morphology, high specific surface area, and high
amounts of functional groupings on the surface, making
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it a suitable adsorbent for removing contaminants from
aqueous solutions (Kumar and Bhattacharya 2021). Bio-
char was found to be effective in removing cations and
anions from aqueous mixes and organic and inorganic
pollutants from water (Ayeni et al. 2020). Biochar was
also used for removing oil in wastewater and demon-
strated excellent sorption performance (Wei et al. 2024).
Compared to activated carbon, biochar has lower pro-
duction costs and energy consumption. Biochar is a
renewable resource and, because of its economic and
environmental benefits, is an ideal resource for environ-
mental technologies for treating water pollutants (Dai
et al. 2019).

In this study, biochar derived from waste banana peels
(BPBC) was used as an adsorbent for diesel oil removal
from water. Specifically, saba (Musa acuminata balbi-
siana) banana peels powder (SBPP) underwent slow
pyrolysis to produce BPBC. BPBC was characterized
using Scanning Microscopy with Energy Dispersive X-ray
spectroscopy (SEM-EDX), Fourier transform infrared
spectroscopy (FTIR), Differential Scanning Calorimetry
(DSC), Thermogravimetric Differential Thermal Analy-
sis (TG-DTA), Brunauer-Emmett-Teller (BET) surface
area and pore size distribution analysis, contact angle
measurements, and X-ray Diffraction (XRD) analy-
sis. The effects of adsorbent dosage (0.5-2.5g/L), initial
pH (5-9), salinity (500-45,000mg/L), and contact time
(30-240 minutes) on removing diesel oil from the water
using BPBC as adsorbent were investigated. Moreover,
isotherm and kinetic studies on the adsorption of diesel
oil to BPBC were conducted.

Utilizing agricultural waste as a precursor for biochar
is innovative as it addresses both waste management and
provides a sustainable source for producing an adsorbent
material. The application of the biochar derived from
banana peels for the removal of diesel oil from water sug-
gests an environmentally friendly approach to remediate
water contaminated with diesel oil. This aligns with the
growing interest in sustainable solutions for environ-
mental challenges. Moreover, the use of waste banana
peels for biochar production aligns with the principles
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of circular economy and sustainability. It not only trans-
forms waste into a valuable resource but also offers an
eco-friendly alternative for water treatment compared to
traditional methods.

2 Methodology
2.1 Production of banana peel biochar (BPBC) from saba
banana peels
The gathered banana peels are first prepared by cutting
them into little pieces and thoroughly cleaning them
in running water before being oven-dried at 100°C
for 24 hours. After the drying process, the raw materi-
als are ground and sieved into 150—-300 pm particles to
distinguish small particles from bigger particles. The
pretreated Saba banana peel or dried banana peel waste
with a weight of 989 g is put inside an in-house pyroly-
sis reactor with a temperature controller and it under-
goes 104.2-minute slow pyrolysis at 585.9°C. These
pyrolysis conditions were deemed optimum for the
production of the highest yield of biochar from banana
peels (Omulo et al. 2019).

2.2 Characterization techniques

Scanning Electron Microscopy and Energy Dispersive
Spectroscopy (SEM-EDX, SU3800-Bruker) were used to
study the surface morphology and elemental composi-
tion of the samples at an accelerating voltage of 3.00kV.
Fourier transform infrared spectroscopy (FTIR, Per-
kin Elmer Spectrum Two) was also used to detect the
functional groups present in the samples. Differential
scanning calorimetry (DSC, Perkin Elmer DSC 4000)
was used to analyze the thermal characteristics of the
samples in a standard aluminum pan from 30 to 430°C
at a heating rate of 10°Cmin™ under 20 mL min~'N,
gas. Thermogravimetric Differential Thermal Analy-
sis (TG-DTA, Perkin Elmer STA 6000) from 30 to
900°C was done at a heating rate of 10°Cmin~' under
20mLmin"'N, gas to determine the weight loss and
thermal stability of the samples. The biochar was charac-
terized for its surface hydrophobicity using an in-house
contact angle analyzer. The diffraction pattern of BPPBC
was obtained using the D8 ADVANCE model of the
Bruker X-ray Diffractometer.

2.3 Batch adsorption experiments

Batch adsorption experiments were done at different
concentrations of diesel oil in water. A 250-mL beaker
is used as a container for batch adsorption. The BPBC is
submerged in the beaker containing 200 mL of the oil-
water mixture. The set-up is agitated at 200rpm using
a magnetic stirrer. The temperature in all the experi-
ments is fixed at room temperature. Moreover, the agi-
tation rate is maintained at 200 rpm. Contact time was
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varied from 30 to 240 minutes according to the experi-
mental design. After adsorption, the BPBC is removed
from the mixture by centrifugation, and the concentra-
tion of the oil in the solution is measured. The sorption
capacity was calculated using Eq. 1. All runs are done
three times and the average values are reported.

Mass of BPBC adsorbed — Mass of BPBC

Sorption capacity = Mass of BPBC
(1)

2.4 Effect of solution environmental conditions
on the sorption capacity of BPBC

The adsorption study investigated the effect of four
parameters: adsorbent dose, initial pH, salinity, and
contact time. Design Expert v.13 (Stat-Ease, USA)
is used to create a face-centered central composite
design of experiments. The initial adsorbent dose (X;)
is varied from 0.5 to 2.5g/L, the initial pH (X,) from
5 to 9, and salinity (X;) from 500 to 45,000 mg/L, and
contact time (X,) from 30 to 240 minutes. These condi-
tions are based on the typical values observed in vari-
ous bodies of water (freshwater to marine waters). Six
center points were used, yielding a total of 30 runs in
the experiment.

Here, synthetic oil-contaminated water is prepared for
each run using the initial pH and salinity as indicated in
the FCC on CCD. Specifically, appropriate amounts of
NaCl are dissolved in 200 mL of distilled water. Then, its
pH is adjusted using 1M HCI or 1M NaOH. Then, an
appropriate amount of diesel oil is added to the solution
to produce 100 mg/L of diesel oil in water. This mixture
is stirred vigorously at 300 rpm using a magnetic stirrer
for 5 minutes. Then, it is sonicated for 10 minutes using
a bath sonicator at room temperature. The prepared oil-
water mixture is then used for adsorption experiments.
Each run is done in three replicates and the average
values of the response (sorption capacity) are reported.
For each run, the temperature (30°C), agitation rate
(200rpm), and initial diesel oil concentration (100 mg/L)

Table 1 Levels of the four parameters using face-centered
central composite design (FC-CCD)

Independent variables  Unit Symbol Levels

-1 0 +1
Adsorbent dosage g/L X 05 15 25
pH - X, 5 7 9
Salinity mag/L X3 500 22,750 45,000
Contact time minutes X, 30 135 240
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are held constant. Table 1 shows the different levels that
are used in this study.

2.5 Isotherm study

Isothermal adsorption experiments are performed at
optimum adsorbent dosage, pH, salinity, and contact
time, as determined from the RSM runs. For the isotherm
study, the diesel oil concentrations are varied (50 mg/L,
100 mg/L, 150 mg/L, 200 mg/L, 300 mg/L, 400 mg/L, and
500 mg/L).

Synthetic oil-contaminated water is prepared using
the optimum initial pH and salinity as determined by
FC-CCD. Specifically, appropriate amounts of NaCl are
dissolved in 200mL of distilled water. Then, its pH is
adjusted using 1M HCI or 1M NaOH. Then, an appro-
priate amount of diesel oil is added to the solution to pro-
duce varying concentrations of diesel oil in water. This
mixture is stirred vigorously at 300 rpm using a magnetic
stirrer for 5minutes. Then, it is sonicated for 10min-
utes using a bath sonicator at room temperature. The
prepared oil-water mixture is then used for adsorption
experiments.

For each run, the temperature (30°C) and agitation rate
(200rpm) are held constant. The optimum adsorbent
dosage and contact time are used as determined by FC-
CCD. Adsorption experiments are then performed under
these conditions then the sorption capacity is measured.
Each run is done in three replicates and the average val-
ues are reported. Several isotherm models are used to
determine which equation is the best-fit model based on
the obtained experimental data.

2.6 Kinetic study

Adsorption experiments are performed at optimum
adsorbent dosage, pH, and salinity, as determined by FC-
CCD. However, different contact times are used for the
kinetic study (0.25h, 0.5h, 1h, 1.5h, 2h, 2.5h, 3h, 4h,
and 8h).

Synthetic oil-contaminated water is prepared using
the optimum initial pH and salinity as determined by
FC-CCD. Specifically, appropriate amounts of NaCl are
dissolved in 200mL of distilled water. Then, its pH is
adjusted using 1M HCI or 1M NaOH. Then, an appro-
priate amount of diesel oil is added to the solution to pro-
duce varying concentrations of diesel oil in water. This
mixture is stirred vigorously at 300 rpm using a magnetic
stirrer for 5minutes. Then, it is sonicated for 10min-
utes using a bath sonicator at room temperature. The
prepared oil-water mixture is then used for adsorption
experiments.

For each run, the temperature (30°C), agitation rate
(200rpm), and initial diesel oil concentration (100 mg/L)
are held constant. Adsorption experiments are performed
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under these conditions then the sorption capacity is
measured. Each run is done in three replicates and the
average values are reported. The sorption capacity of the
data points before equilibrium is fitted to the pseudo-
first-order and pseudo-second-order kinetic models.

2.7 Statistical treatment

Following the collection of experimental data, the sorp-
tion capacity is fitted to a general polynomial model.
Then, an analysis of variance (ANOVA) is conducted to
identify the terms that have a significant effect on the
sorption capacity. Model reduction is done to remove
insignificant terms to obtain the final model for the
sorption capacity. To identify data outliers, residual
analysis is conducted. Influence plots are examined to
determine whether any influential data points might
distort the model. Contour plots are generated to ana-
lyze the effect of the four parameters (adsorbent dosage,
pH, salinity, and contact time) on the sorption capacity
of BPBC. Finally, optimization is conducted to deter-
mine the best conditions to achieve maximum sorption
capacity. All of these are conducted using Design Expert
v.13 (Stat-Ease, USA).

3 Results and discussion

3.1 Characterization of banana peel biochar (BPBC)
Scanning electron microscopy (SEM) is used to analyze
the surface morphologies of saba banana peel powder
(SBPP) (Fig. 1) and banana peel biochar (BPBC) (Fig. S1)
before the adsorption test. SBPP was examined using a
SEM at 500X, 1000X, 5000X, and 10,000X magnification.
The SBPP’s SEM scans revealed an uneven structure and
a porous surface. This could be due to the amorphous
nature of the organic raw materials used during pyroly-
sis. Meanwhile, Fig. 2 shows very porous structures in
SEM images of BPBC before adsorption, which can be
attributed to the pyrolysis procedure (Silva et al. 2022).
Pyrolysis carbonizes the carbonaceous raw materials
used, which creates a large number of pores suitable for
adsorption. Indeed, following the pyrolysis of the banana
peels, the biochar contains a large number of adsorbent
surfaces capable of adsorbing molecules (Sial et al. 2019).
This is expected given that the BPBC is pyrolyzed at
585.9°C for 104.2 minutes.

The findings of evaluating the elemental composition of
the SBPP and BPBC using energy dispersive X-ray spec-
troscopy (EDX) point analysis are shown in Table SI.
According to Sial et al. (2019), biochar generated from
banana peel waste has a high potassium (K) content,
similar to what has been observed in this study. Other
elements, such as aluminum, magnesium, and chlorine,
remained constant before and after biochar formation.
The wt.% composition of BPBC shows that the biochar is
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Fig. 1 Scanning electron microscopy (SEM) images of banana peel biochar (BPBC) at different magnifications

mostly composed of carbon, which is expected because
the source material, banana peel, is high in carbon. The
carbon content of the SBPP decreased when it trans-
formed to BPBC during pyrolysis. This can be attributed
to the release of gases such as carbon dioxide, methane,
and others. The release of these gases can contribute to
the reduction in carbon content as they are in gaseous
form and are no longer part of the solid biochar.

SBPP and BPBC were subjected to Fourier transform
infrared spectroscopy (FTIR) to determine the sur-
face’s functional groups and the results are shown in
Fig. 2a. The SBPP peak at 1610cm ™! and in the BPBC at
1576 cm™! can be attributed to C=C stretching due to a,
[-unsaturated ketone compounds consisting of a carbon-
carbon double bond, which is chemically reactive and
capable of undergoing a variety of reactions, including
addition reactions, conjugate additions, and polymeriza-
tion. Meanwhile, the peaks at 1243 cm ™ in SBPP and the
peak at 1059cm™! in BPBC can be attributed to the C-O
stretching of an aromatic ester.

SBPP contains peaks at 2919 cm ™! and 2853 cm™}, while
BPBC has a peak at 2921 cm™!. These peaks are caused by
the stretching vibrations of the hydroxyl groups, which
may be due to the presence of carboxylic groups in both
samples.

Differential Scanning Calorimetry (DSC) was used
to determine the thermal properties of the SBPP and
BPBC (Fig. 2b and Table S2). Endothermic peaks are
seen at Tp; = 86.09°C, Tp, = 130.17°C, Tp; = 157.29°C
and Tp, = 388.28°C for BPBC. The endothermic peaks
are seen at Tp; = 82.09°C and its exothermic peaks at
Tp, = 297.51°C, and Tp; = 413.10°C in SBPP. The shift
in transition temperatures between SBPP and BPBC can
be attributed to an enhanced crystallinity of the BPBC
after the pyrolysis of SBPP. Greater crystallinity is desired
since it indicates that the material is better structurally
organized and thus more stable (EI-Nemr et al. 2021).
BPBC also has larger endothermic peaks, indicating that
it is more thermodynamically stable than SBPP.
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Fig. 2 a Fourier transform infrared (FTIR) spectra of saba banana peel powder (SBPP) and banana peel biochar (BPBC) before adsorption;
b Differential scanning calorimetry (DSC) profiles of SBPP and BPBC before adsorption banana peel at 886cm™" and BPBC before at 879cm™
indicated the starch’s organized or crystalline structure. The ortho-substituted aromatic rings' C-H out-of-plane bending vibrations were
allocated to the band (Sinanoglou et al. 2023). The 1733 cm™'and 1712cm™! stated the C-H bending; this indicates that bending vibrations arise
from the bending motion of the hydrogen atoms attached to the carbon atoms in the aromatic ring. The C-H bending in dried banana peel peak
at 1450cm™" is from a methyl group; this shows that dried banana peel is still an organic material, and some moisture has been evaporated, which
is a genuine base from the previous statement; this cannot be seen in BPBC. That dried banana peel is still an organic material, and some moisture
has evaporated but can be seen using FTIR
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Fig. 3 Thermogravimetric profile of saba banana peel powder (SBPP) and banana peel biochar (BPBC) before adsorption

Thermogravimetric analysis (TGA) was performed 36.603% from 65.24°C to 142.28°C could be due to the
on the SBPP and the BPBC (Fig. 3 and Table S3). The thermal degradation of the cellulose and hemicellulose
SBPP total weight loss of 9.897% observed from 30.00°C  content of BPBC. The third stage, with a weight loss of
to 65.24°C could be attributed to the vaporization of 31.179% from 142.48°C to 290.32°C, shows that the cel-
low-molecular-weight compounds. The weight loss of lulose and hemicellulose continue to decompose via
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pyrolysis reactions. The last stage has a big slope; indicat-
ing the thermochemical conversion of SBPP to BPBC. At
this temperature range, cellulose and hemicellulose break
down mostly. The products created undergo several
simultaneous reactions, which result in the generation
of gaseous and liquid products. This phase of pyrolysis is
frequently referred to as the active phase.

The SBPP and BPBC show the acceleration of lignin
breakdown in the last section. The products created
undergo several simultaneous reactions, which result in
the generation of gaseous and liquid products. The sec-
tion with inflection found at lower heating rates is absent
at the greatest heating rate, where there is a continual,
gradual change in the percentage of weight loss and con-
version in the temperature. This behavior may be linked
to an increase in the production of active species as a
result of cellulose’s thermal degradation, those species’
interactions with one another and with lignin, and the
lignin’s progressive breakdown that results in the devel-
opment of char (Kumar et al. 2019).

The first slope of decomposition of BPBC ends at
222.33°C, which is longer compared to dried banana peel
at 170.83°C. The DTG profile showed that the maximum
weight loss peak shifted from 533.23°C from the BPBC
to 290.32°C from the dried banana peel. The BPBC resi-
due percentage is 57.951%, while the dried banana peel
contains 22.321%. This shows that BPBC is more stable
than a dried banana peel. Another indication of this is the
fact that dried banana peel yielded less residue after TGA
in BPBC. Biochar’s characteristics are influenced by the
feedstocks it is made from, and biomasses with a dispro-
portionately high quantity of lignin and cellulose tend to
provide biochar with a high aromatic carbon content.

The results of BPBC showed that it was more stable
than SBPP. This agrees with the results in FTIR and DSC,
which showed higher crystallinity that could result in
more thermal stability than a dried banana peel. BPBC
can be exposed to a wider range of operating tempera-
tures, and it undergoes pyrolysis, which enhances the
banana peel’s stability. The thermal stability creates more
carbon that is useful in adsorption.

BET studies (Fig. 4) show the physical assessment of
BC pyrolysis, which is often related to their sorption
properties. When considering BPBC as an adsorbent,
the surface area and pore volume are critical parameters.
Biochar derived from Musa acuminata balbisiana had a
surface area of 3.65m?/g and a pore volume of 0.032 cc/g.
At the same pyrolysis temperature, other studies show
that it has a comparable surface area with other biochars
(Selvarajoo et al. 2020). When the micropore volume
of the BC was compared, the BPBC had a substantially
higher micropore volume (3.3154 X 10~%cc/g): BCs made
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from durian has 8.587x10~®>cc/g and biomass of palms
has 0.0209 cc/g (Elnour et al. 2019).

The pore size distribution of the BPBC is shown in
Fig. 5c. Based on the pore size distribution, it can be
inferred that the BPBC has a hierarchical pore structure
with micropores, mesopores, and macropores. The aver-
age pore diameter of BPBC is 36.298 nm, which is some-
how larger compared to other BCs derived from biomass.
BCs from commercially available product Douglas fir
have a pore volume of 0.26cm?/g and an average pore
diameter of 13.95nm; modified from lauric acid (LBC)
has a pore volume of 0.26cm?/g and an average pore
diameter of 14.47 nm; modified from iron oxide (MBC)
has pore volume of 0.135cm?/g and average pore diam-
eter of 13.56 nm; LBC modified with iron-oxide (LMBC)
has pore volume 0.014cm?/g and average pore diam-
eter of 14.52 nm; and MBC modified with lauric acid has
a pore volume of 0.016 cm®/g and average pore diameter
of 4.30 nm.

The XRD profile of the biochar samples is shown in
Fig. 5. Numerous mineral phases were present, as evi-
denced by the study of the XRD patterns. Graphite, with
a characteristic peak of 24.22°, 28.33°, and 30.06°, was the
most recognizable crystallographic structure. The peak in
31.21°, 31.39°, 31.76°, 34.09°, 39.24°, and 40.48° represents
turbostratic graphite. The graphite indicates that the bio-
char material contains crystalline graphite. The existence
of structured carbon structures or partly graphitized
carbon inside the biochar is proven by the detection of
graphite, which is distinguished by its highly ordered and
layered crystal structure. Because biochar goes through
high-temperature pyrolysis, the graphitization of carbon
is visible. The existence of turbostratic graphite in X-ray
diffraction (XRD) peaks reveals a disordered arrange-
ment of graphene layers in the carbon structure. The dis-
order in the graphite layers, which causes differences in
the interlayer spacing and orientations of the graphene
sheets, is the cause of the shortness of the peaks. The
degree of peak shortening and the relative strength of the
dispersed peaks can be used to determine the degree of
disorder.

The contact angle test was used to evaluate the ability
of BPBC to absorb oil in water by measuring its surface
hydrophobicity using a contact angle analyzer (Fig. 6).
The BPBC was positioned on the stage of the con-
tact angle analyzer, and a droplet of water was slowly
dropped with a pipette. The contact angle average is
98.45°, indicating that it displays hydrophobic character-
istics. The hydrophobicity of the BPBC possesses a low
affinity for water due to their nonpolar structures. This
property allows them to detach from water and inter-
act with hydrophobic oil molecules. The high affinity of
hydrophobic materials with oil facilitates stable surface
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Fig. 4 a Nitrogen adsorption-desorption profile, b Brunauer-Emett-Teller (BET) fit of N, sorption isotherm, and ¢ Pore size distribution of banana

peel biochar (BPBC)

interactions and adsorption of oil molecules (Sun et al.
2011). Additionally, hydrophobic adsorbents have large
surface areas and porosity, as seen from our BET and
SEM characterization, which further enhance their abil-
ity to interact and adsorb oil molecules.

3.2 Effect of solution environmental conditions

We studied the effect of solution environmental condi-
tions on the sorption capacity of BPBC. Based on the
findings, the highest sorption capacity is observed at a
loading of 2.5g of adsorbent, whereas the lowest capac-
ity is observed at a loading of 0.5g. The significance of
the adsorbent dosage is supported by the ANOVA, with

a p-value of 2.3149x 107, Fig. 7a illustrates an upward
trend in sorption capacity as the adsorbent loading
increases. The effectiveness of the process relies on the
amount of biochar available for adsorption, which is
determined by the adsorbent dose. Initially, a low dose
of adsorbent may result in reduced removal efficiency
due to limited surface area for adsorption. However,
increasing the dosage improves the removal efficiency.
Additional biochar provides more surface area and acces-
sible adsorption sites for diesel oil molecules, leading to a
higher removal capacity from water.

The sorption capacity of BPBC exhibits distinct varia-
tions with changes in pH. The highest sorption capacity is
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Fig. 6 Contact angle test of banana peel biochar (BPBC)

observed at pH 7, indicating optimal conditions for maxi-
mum adsorption efficiency, whereas the lowest sorption
capacity is observed at pH5. To ascertain the statistical
significance of pH on the adsorption process of BPBC,
an analysis of variance (ANOVA) was performed. The
results revealed that the variation in pH does not have a
significant effect on the adsorption of BPBC from oil and
water (p=0.6830). However, while the statistical analysis
did not reveal a significant effect, the observed changes
in sorption capacity at different pH levels are nonetheless
relevant as they provide vital insights into the behavior of
BPBC. This concave downward trend is visually depicted
in Fig. 7b, suggesting that further increases in pH beyond
7 do not lead to any additional enhancement in sorp-
tion capacity. Since pH lies in its ability to modify the
charges of both the adsorbent material and the pollutants
present in the system. By altering these charges, pH can

influence the adsorption behavior of BPBC (Grisales-
Cifuentes et al. 2021). Initially, at lower pH values, there
is an effective interaction between BPBC and diesel oil
due to favorable charge interactions. As the pH increases
beyond a certain point, the charge interactions may
reach a saturation point, resulting in a diminished rate of
increase in sorption capacity. This saturation effect could
explain why the sorption capacity at pH9 returns to the
level observed at pH 5.

The salinity levels utilized in all trials were 500, 22,750,
and 45,000mgL~!. The results show that the lowest
sorption capacity is at 500mg/L and the highest capac-
ity is at 45,000mg/L of salinity. ANOVA, with a p-value
of 3.2424x107°, supports the importance of the salin-
ity in the adsorption process. As the salinity rises, the
sorption capacity shows an ascending trend, as shown in
Fig. 7c. The biochar’s capacity to absorb can be increased
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Fig. 7 Effect of adsorption parameters on the sorption capacity of banana peel biochar (BPBC): (a) adsorbent dosage, (b) initial pH, (c) salinity,

and (d) contact time

by higher salinity for a variety of reasons. Salinity may
alter the biochar’s surface charge and functional groups,
influencing its affinity for diesel oil molecules. Changes
in surface chemistry can impact the adsorption capac-
ity. Biochar has a large surface area and includes func-
tional groups that can interact with the ions in the saline
solution via electrostatic interactions. The double-layer
thickness around the biochar particles can be influenced

by the water’s ionic strength, which in turn can impact
the attractive or repulsive interactions between the oil
molecules and the adsorbent. This in turn may have an
impact on the biochar’s ability for sorption. Moreover,
waste banana peels are used to make biochar, which
has a variety of surface functional groups like hydroxyl
(—OH) and carboxyl (—COOH) groups. In oil sorption,
these functional groups are crucial. The ionic strength of
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oil adsorption using biochar can be affected by salinity.
Nonpolar functional groups are also present, which con-
tributes to hydrophobic interactions. By changing the pH
and ionic strength of the solution, salinity can affect the
accessibility and availability of certain functional groups.
The surface chemistry of the biochar can change as a
result of salinity changes in the solution, which will then
have an impact on how well the biochar can absorb oil.

The significance of contact time was established using
ANOVA (p=8.1786x107"); the fact that it is less than
0.05 indicates that the adsorption of BPBC from oil and
water has a substantial impact. The 30-minute con-
tact time yields the lowest, and 240 minutes lead to the
maximum grams of sorption, respectively. As a result,
240 minutes lead to the higher sorption capacity at
5.4530g. Fig. 7d shows how sorption capacity tends to
rise as contact time rises. It indicates that longer contact
times are often employed to examine the equilibrium
adsorption capacity of biochar. Equilibrium is reached
when the rate of adsorption becomes equal to the rate of
desorption, resulting in a stable concentration of adsorb-
ate (in this case, oil) on the biochar surface. The diffu-
sion and mass transfer of diesel oil molecules from the
bulk solution to the surface of the biochar are affected
by the contact time. Adsorption is more likely when con-
tact periods are longer because the diesel oil has more
time to permeate through the water and come into touch
with the biochar particles. As time passes, the adsorp-
tion increases. Oil molecules may transfer slowly from
the liquid phase onto the adsorbent surface. Low oil
solubility, diffusional restrictions, or insufficient mix-
ing/agitation can all contribute to this (Mokhatab et al.
2019). A progressive rise in the sorption capacity results
from lengthening the contact period, giving more time
for mass transfer. At a particular time, the inactive sites
or surfaces of BPBC get activated and acquire a solution
to get saturated. The space in between, or the poros-
ity of the BPBC, is being occupied as time passes. The
active sites where the adsorption takes place take time
to cover, and with the attaching force acting on the bio-
char, adsorption coverage increases further as time pro-
ceeds. As the contact period lengthens, a saturation of
the adsorption sites may occur, signaling the adsorption
process’s maximal efficiency.

3.3 Statistical treatment
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where Sorption capacity is in g/g, X; =adsorbent dosage
(g/L), X,=pH, X;=salinity (mg/L), and X, = contact time
(minutes).

The relevance of each parameter in the adsorption of
oil in biochar was determined using ANOVA. In this sta-
tistical test, p-values greater than 0.05 suggest that there
is a statistically insignificant difference in that group,
while p-values less than 0.05 indicate that the findings
are significant. The ANOVA results revealed that the
main effects of adsorbent dose (X,), salinity (X;), contact
duration (X,), linear interaction effects (X, X3, and X;X,),
quadratic effects (X% X,% and X,%), and cubic effects
(X, X3X,, X,*X;, and X,X,?) are the significant variables
in the model. All other model terms have p-values more
than 0.05; they have insignificant effect on oil adsorption
in biochar. All insignificant model terms are removed
from the cubic model and the results are shown in Table
S4. The reduced cubic model used to fit the experimental
data in terms of actual components is shown in Eq. 2.

The coefficient measurements and values in the coded
equation show how each parameter influences the final
result. The coded equation may be used to identify the
relative significance of the elements by comparing the
factor coefficients. X;X,, X,2 X;X5X,, X;*X5, and X,?X,
have negative values, suggesting antagonistic effects on
the response, whereas the others have positive values.
The reduced cubic model presented in Table S4 demon-
strates a highly significant type F-value of 61.05 and a low
model p-value of 1.1094x 10723, These findings suggest
that the selected reduced cubic model effectively predicts
the oil adsorption proportion in biochar within the speci-
fied range. It is worth noting that an F-value of this mag-
nitude would only occur due to chance 0.01% of the time,
indicating a strong relationship. Moreover, the lack-of-fit
analysis reveals an F-value of 0.6265 and a correspond-
ing p-value of 0.8979, indicating that the lack of fit is not
statistically significant. This non-significant lack of fit is
desirable because it means that the reduced cubic model
can be reliably used to forecast biochar sorption capacity.

A greater coefficient, in general, suggests a better fit for
the model. Here in this research, the significant coeffi-
cient of determination (R*=0.9071) of the model is high,
suggesting that it can adequately explain the differences
in the experimental data. The coefficient of determination
is a value between 0 and 1 that indicates how effectively
a statistical model predicts a result, but it is near 1.00

Sorption capacity = 2.01338 — 1.29494[X;] — 0.000025[X3] + 0.004601[X4] 4 0.000075[X; X3]
— 1.44820 x 10~3[X3X4] + 0.744650[X1]% — 0.002074[X2]* + 8.06857 x 10~ °[X4]?

— 3.44540 x 10~3[X; X3X4] — 0.000021 {X12X3} +0.000047 {XHXLL} +0.000191 {Xlxﬂ 2)
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when the final model can appropriately match the experi-
mental data. The adjusted R* (0.8923) and predicted R?
(0.8644) are both close to 1.00, indicating that the model
is not overfitted. The calculated model adequacy value
(24.8000), which measures the signal-to-noise ratio, is
more than 4, indicating that the cubic model can antici-
pate the response and the pure error of prediction within
the design space adequately. Such outcomes demonstrate
the model’s ability to fit the experimental data.

3.4 Optimization of adsorption parameters

Since the model has a high coefficient of determina-
tion, the model fits well with the experimental data. This
means that it can reliably predict the sorption capacity
of the BPBC at varying levels of solution environmen-
tal conditions within the selected design space. As such,
the model is robust enough and can therefore be used
for optimization studies. Here, we maximized the BPBC
sorption capacity, minimized the model error, and main-
tained the solution environmental conditions within the
limits of the design space. Numerical optimization was
performed using Design Expert v. 13.0. It was determined
that 2.50 g BPBC loading, pH 7.00, 44,999.95 mg L salin-
ity, and 240 minutes of contact time were the optimum
parameters for diesel oil adsorption. Under these condi-
tions, biochar has a sorption capacity of 5.600g/g. The
biochar made from banana peels is an excellent material
for adsorbing oil with water because it has a highly antici-
pated ability to adsorb oil under optimal conditions. On
the other hand, blank and control experiments showed
negligible oil adsorption/separation.

3.5 Kinetic study

We performed a kinetic study on BPBC diesel oil adsorp-
tion using the first-order and second-order kinetic mod-
els for each diesel concentration (Fig. S2). According to
the R? value (Table 2), the first-order model offers a bet-
ter fit to the data points than the second-order model. It
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implies that the relationship between the adsorbate con-
centration and the adsorption rate is better described by
first-order kinetics than by second-order kinetics. The
experiment shows that adsorbate (diesel oil) binds to the
adsorbent surface more quickly at first, speeding up the
adsorption process, and the adsorbate gradually attaches
to the open adsorption sites on the adsorbent surface;
such process goes on for a more extended period. The
model assumes that adsorption occurs on a single layer of
adsorbate molecules on the surface of the adsorbent. This
also assumes that the adsorbent surface is homogeneous
and that multilayer adsorption or interactions between
adsorbate molecules are negligible. Moreover, the model
assumes that the concentration of the adsorbate in the
bulk solution remains approximately constant during
the adsorption process. This assumption implies that the
adsorption sites on the adsorbent surface are close to
the bulk solution, allowing for rapid equilibration. Fur-
thermore, the model assumes that all adsorption sites
on the surface of the adsorbent are identical in terms of
their affinity for the adsorbate. Also, the desorption of the
adsorbate from the adsorbent surface is negligibly com-
pared to the rate of adsorption. This assumption implies
that once the adsorbate molecules are adsorbed, they
remain on the surface and do not desorb significantly. In
general, the first-order kinetic constant increases with
an increase in the initial concentration of the diesel oil.
Higher concentrations of diesel oil mean more mol-
ecules of diesel oil are present, increasing the chances
of collisions between diesel oil molecules and any other
reactants.

3.6 Isotherm study

We performed an isotherm study on BPBC and the
results are shown in Fig. 8. It was seen that the best-
fit isotherm model is the BET isotherm. It has a high
model R? value of 0.9898, demonstrating that the
adsorbate molecules form a distinct layer on the

Table 2 Summary of kinetic data on banana peel biochar (BPBC) for diesel oil adsorption

Initial concentration First-order kinetics

Second-order kinetics

ma/L k, Ye R? k, Ye R?
(1/min) (g/9) (L/mg-min) (9/9)

50 0.3135 47151 0.9700 0.0333 6.8820 0.9556
100 0.2614 6.5959 0.9599 00179 10,0246 09510
150 0.3584 6.2603 0.9544 0.0308 88868 0.9392
200 04043 6.1609 0.9634 0.0385 84793 0.9467
300 0.5185 5.9668 09827 0.0609 7.7440 0.9660
400 0.6569 5.8853 0.9844 0.0900 73213 0.9685
500 0.7971 58435 09797 0.1210 7.0756 0.9674
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Table 3 Comparison of banana peel biochar (BPBC) diesel oil adsorption performance against other adsorbents

Adsorbent Maximum sorption Isotherm model Reference
capacity
(mg/g)
Agar-carboxymethylcellulose-silver nanocomposite 12.26 Langmuir (Alietal. 2021)
Fe;0,/Bentonite/rGO 81.65 Sips (Ewis et al. 2022)
Fe;0,//Bentonite/MWCNTs 7712
Crab-Shell-Derived Biochar 93.90 Freundlich (Caietal. 2019)
Crystalline calcite particles 333.30 Langmuir (Wu et al. 2017)
Esterified durian peel adsorbent with stearic acid 378.00 Langmuir (Nam et al. 2020)
Poly (methyl methacrylate) grafted wheat straw 1129.00 Freundlich (Suresh et al. 2022)
Graphene oxide 1335.00 Freundlich (Diraki et al. 2019)
Lignin-carbon foam 7842.71 Temkin (Vannarath and Thalla 2021)
Banana peel biochar (BPBC) 5335.20 BET This work

surface. Furthermore, it suggests that multilayer
adsorption takes place in the system. Here, the Q,, is
5.3352g/g, which is a relatively high sorption capacity
compared to other adsorbents (Table 3). The BET iso-
therm has been proposed in several studies to fit their
experimental data. According to the BET isotherm, an
initial monolayer of adsorbate molecules will form on
the adsorbent surface, and occasionally, further layers
will grow on top of the monolayer. Multilayer adsorp-
tion is another possibility in which different layers of
adsorbate molecules may stack on the monolayer. It is
assumed that every adsorption site on the surface is
heterogeneous, which implies that each one of them
has a constant affinity for the adsorbate. However, the

site energies and surface properties of actual systems
may differ from those predicted by the BET hypothesis
(Ebadi et al. 2009). The BET isotherm makes the sup-
position that adsorbate molecules do not interact with
one another on the surface and that their existence has
no bearing on the adsorption procedure. The model
also makes use of equilibrium conditions, homogenous
adsorbent surfaces with comparable adsorption sites,
ideal gas behavior, and weak intermolecular interac-
tions between the molecules of the adsorbate and the
adsorbent surface. This may indicate that the adsorp-
tion process has reached equilibrium, which would
mean that the rates of adsorption and desorption are
equal (Thommes et al. 2015).
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Fig. 9 Fourier transform infrared (FTIR) spectra of banana peel biochar (BPBC) before and after adsorption

3.7 Post-adsorption characterization

SEM images of BPBC after oil adsorption (Fig. 9) revealed
that it has flake-like features with rough, irregular, une-
ven, and crater-like pores (Esther and Udochukwu 2022).
The surface pores are open before adsorption and are
already occupied after adsorption, as illustrated in Fig.
S3 (Agha et al. 2019). Within the particles of the two
biochars, there are pores of various diameters. The large
pores are more easily accessible due to their size, indicat-
ing that the surface of the biochar was coated by oil fol-
lowing adsorption. However, SEM examination reveals
that these macropores are the reason for the saturation
(Khare et al. 2017).

The elemental composition of the results from before
and after oil adsorption by energy-dispersive X-ray spec-
troscopy (EDX) is shown in Table S5. The elemental
analysis of this biochar after adsorption shows 85.99%
C, 0.34% Ca, 3.40% K, 7.47% O, 1.16% Cl, 0.02% P, 0.15%
S and 1.46% N. Other elements, such as chlorine, phos-
phorus, and sulfur, remained constant before and after oil
adsorption. The carbon content notably increased after
diesel oil adsorption, which is expected because diesel oil
is primarily made of hydrocarbons.

The BPBC before and after adsorption were tested
using Fourier transform infrared spectroscopy (FTIR),
and the results are shown in Fig. 9. The C=C stretching
vibration of an a, B-unsaturated ketone from 1576cm™!
in BPBC (before) to 1575cm™" in BPBC (after) carbon-
carbon double bond next to a carbonyl group. An addi-
tional peak appeared at 1241 cm ™! after adsorption. This
peak is associated with the C=O stretching of an aro-
matic compound and is due to aromatics in the adsorbed
diesel oil.

Additional peaks at 1454cm™" are found in the BPBC
after adsorption. These peaks are associated with C-H
bending, which can be attributed to the adsorbed aro-
matics and substituted hydrocarbons in the BPBC after
adsorption. Lastly, an additional peak at 2852cm™! and
2921cm™ was found after diesel oil adsorption. This
peak indicates that the availability of functional groups
for chemical reactions, adsorption, or surface modifica-
tion can be characterized by C-H stretching vibrations
associated with hydroxyl groups.

3.8 Comparison with other adsorbents

We compared the performance of the BPBC for remov-
ing diesel oil in water at optimum solution environ-
mental conditions with other adsorbents used for diesel
oil adsorption, and the results are tabulated in Table 3.
BPBC derived from saba banana peels showed superior
performance over other biochars, owing to the poros-
ity and hydrophobicity of the BPBC. This suggests that
BPBC can be used as an excellent adsorbent for diesel oil
removal in water.

3.9 Adsorption mechanism

Here, we reported the use of saba banana peel biochar
as an adsorbent for diesel oil removal in water. Through
comprehensive characterization before and after adsorp-
tion, as well as isotherm and kinetic modeling, we deduce
the adsorption mechanism happening during diesel oil
adsorption.

Biochar is a carbon-rich material derived from the
pyrolysis of biomass. Its porous structure and high sur-
face area make it an effective adsorbent for various pol-
lutants, including organic compounds like diesel oil. The
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adsorption mechanism of biochar for diesel oil involves
physical and chemical processes. Biochar has a network
of pores that can physically trap diesel oil molecules. The
larger mesopores and micropores in biochar provide sites
where diesel oil molecules can be physically adsorbed.
This is supported by our isotherm study, which fits well
with the BET isotherm, suggesting multilayer adsorption.
The high surface area and well-defined pore size distri-
bution of biochar play a crucial role in adsorption. The
accessibility of these pores allows for efficient adsorption
of diesel oil molecules.

Biochar has a graphitic structure, as evidenced by XRD,
with aromatic carbon rings, as seen from FTIR. Die-
sel oil contains aromatic hydrocarbons. The interaction
between the aromatic rings in biochar and diesel oil mol-
ecules through m-m stacking and Van der Waals forces
contributes to the adsorption. The hydrophobic nature
of the biochar, as seen from contact angle measurements,
promotes the adsorption process. Hydrophobic interac-
tions occur between the nonpolar components of biochar
and diesel oil, leading to the adsorption of the hydropho-
bic diesel oil molecules onto the biochar surface.

The biochar surfaces also contain functional groups
with charges (e.g., oxygen-containing groups), as seen in
FTIR. These charged sites can interact with polar com-
ponents of diesel oil through electrostatic attraction,
enhancing the adsorption capacity. Some functional
groups on the biochar surface (such as oxygen-con-
taining groups like hydroxyl and carboxyl groups) may
undergo chemical reactions with certain components of
diesel oil. This chemisorption involves covalent bond-
ing or other chemical interactions, providing additional
adsorption sites. This is supported by our kinetic study
which is best fitted with the first-order model, suggesting
chemisorption.

4 Conclusions

The comprehensive characterization of Banana Peel Bio-
char (BPBC) has provided valuable insights into its physi-
cal and chemical properties. SEM analysis revealed the
porous structures of BPBC. EDX analysis confirmed the
high potassium content in BPBC, consistent with previous
studies on biochar derived from banana peel waste. FTIR
identified the presence of specific functional groups on
the surface of BPBC. DSC and TGA analyses showed the
thermal stability of BPBC. BET experiments demonstrated
that BPBC has a surface area comparable to other biochar
but significantly greater micropore volume, indicating its
potential as an efficient adsorbent. XRD analysis confirmed
the presence of crystalline graphite in BPBC, indicative of
graphitization during the pyrolysis process. Hydrophobicity
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tests revealed the hydrophobic nature of BPBC due to its
porous structure and the presence of specific functional
groups. Based on the detailed characterization, BPBC
shows promise as an effective adsorbent for various appli-
cations, particularly in oil-water separation. The investiga-
tion of adsorption parameters further elucidated the factors
influencing the sorption capacity of BPBC for diesel oil
removal from water. The study revealed that the sorption
capacity of BPBC is influenced by the amount of adsor-
bent used, with an optimal dosage observed at 2.5g. The
pH level of the solution minimally affects sorption capac-
ity, with pH7 being the most favorable condition. The salin-
ity of the aqueous solution positively affects the adsorption
capacity of BPBC, with higher salinity levels corresponding
to increased sorption capacity. Contact time between the
adsorbent and diesel oil also plays a crucial role, with longer
contact times leading to higher sorption capacities. Opti-
mization of parameters identified the optimum conditions
for diesel oil adsorption as 2.50g BPBC loading, pH7.00,
44,999.95mg/L salinity, and 240minutes of contact time.
The first-order kinetics model provided a more accurate
representation of the adsorption process, while the BET
isotherm model was in good agreement with the experi-
mental data, indicating multilayer adsorption on the BPBC
surface. Characterization after adsorption revealed changes
in surface properties and the presence of aromatic and oxy-
genated hydrocarbons in the adsorbed diesel oil. The diesel
adsorption takes place primarily by pore-filling, n-nt stack-
ing, Van der Waals, electrostatic, and hydrophobic interac-
tions, as well as chemisorption. These results contribute to
the development of effective and sustainable strategies for
oil spill cleanup and environmental remediation. Future
research directions include more sophisticated characteri-
zation methods to fully understand the properties of BPBC.
Moreover, understanding the mechanisms of adsorption
through advanced analytical techniques and computer
modeling can provide valuable insights into the chemical
interactions between biochar and oil molecules.

Abbreviations

ANOVA  Analysis of variance

BET Brunauer-Emett-Teller

BC Biochar

BPBC Banana peel biochar

[€@b) Central composite design

DSC Differential scanning calorimetry
DTA Differential thermal analysis

EDX Energy dispersive X-ray spectroscopy
FTIR Fourier transform infrared spectroscopy
SBPP Saba banana peel powder

SEM Scanning electron microscopy

TGA Thermogravimetric analysis

XRD X-ray diffraction
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