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Abstract: This research aimed to investigate the potential of chemically modified banana blossom
peels (BBP) as an adsorbent for removing manganese (Mn) from water. Zeta potential, field emis-
sion scanning electron microscopy (FESEM), Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), and Brunauer-Emmet-Teller (BET) were used to characterise the BBP adsorbent.
Batch adsorption studies were used to assess the effects of the solution pH, adsorbent dosage, initial
manganese concentration, and contact time of the adsorption process. Zeta potential of BBP with a
value of —9.87 to —21.1 mV and FESEM analysis revealed deeper dents and rough internal surfaces
conducive to Mn deposition, whereas EDX analysis revealed the presence of C, O, and Na elements
(before adsorption); C, O, and Mn (after adsorption). The presence of hydroxyl, carboxylic, and
amino groups, which are responsible for the adsorption process, was discovered using FTIR analysis.
Furthermore, XRD analysis revealed that the BBP adsorbent structure is amorphous. The BBP adsor-
bent has a BET surface area of 2.12 m? /g, a total pore volume of 0.0139 cm3/g, and an average pore
diameter of 64.35 nm. The BBP adsorbent demonstrated remarkable results of 98% Mn removal under
the optimum pH 7, 0.5 g (adsorbent dosage), and 10 mg/L of Mn initial concentration in 150 min of
contact time. The linear Langmuir and Freundlich isotherm models best fit the adsorption isotherm
data with the R? > 0.98. In contrast, the adsorption process occurs as a function of the chemisorption
as determined by linear pseudo-second-order kinetics. Using 0.1 M HCI, the maximal desorption rate
of Mn was 92% in the first cycle, with a recovery rate of 94.18% Mn removal in 30 min. These findings
support the use of BBP as a natural adsorbent for Mn removal as a treatment option for improving
wastewater quality.

Keywords: banana blossom peels; manganese; adsorption isotherm; kinetic study; desorption

1. Introduction

Water pollution has increased due to rapid industrial development [1]. The annual
disposal of contaminants such as toxic sludge, solvents, and heavy metals into water bodies
has been estimated to be between 300 and 400 million tonnes [2]. Due to unregulated waste
disposal and effluent discharge from industry, Malaysia’s number of polluted water sources
grows over time [3]. The presence of heavy metals such as manganese (Mn) identified in
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rivers due to discharge from industrial effluents had alarmed the waterworks company [4].
Mn was frequently employed in steel manufacture and was emitted in industrial effluents.
It is a trace element in various minerals, including oxides, carbonates, and silicates, with
pyrolusite (manganese dioxide) being the most prevalent naturally occurring form [5].
Mn may be found in many oxidation states and species in the earth’s crust and water
sources [6]. When Mn is oxidised, it becomes insoluble in water and alters the colour of
the water to a brownish-red colour, rendering it aesthetically unappealing and unsafe for
drinking [3,7-9]. Consumption of that high Mn concentration in drinking water has been
linked to neurological abnormalities and adverse effects on intellectual development and
cognitive development [9,10].

An excessive Mn ion accumulation in specific brain locations can result in neurotoxicity
and degenerative brain disease [11]. Children exposed to 240-350 pg/L Mn ions showed in-
dications of decreased manual agility, speed, short-term memory, and visual recognition [12].
Manganese-containing water has been treated using chemical precipitation, ultraviolet
irradiation, membrane filtration, ozone, ion exchange, oxidation, and electrochemical treat-
ment [13-21]. Various treatment technologies can remove Mn in water; however, some
problems arise, such as complex processes, space requirements, treatment capacity, sludge
disposal, and high operational and maintenance costs [3,8,22]. The adsorption process
is one of the potential alternatives for low-cost and efficient methods to improve surface
water quality [23,24]. This process has been broadly studied to develop high selectivity and
efficient adsorbent materials [25-27]. The materials for adsorbents are relatively cheap, less
toxic, easy to be functionalised over other substrates, and highly efficient.

Agricultural waste adsorbent mainly has gained attention among researchers in treat-
ing water containing Mn ions owing to its efficiency and availability and because it is
environmentally friendly and easy to produce [22,28]. The adsorption process has effec-
tively removed contaminants with minimal problems among the treatment technologies.
Agricultural waste from banana trees is found abundantly in Malaysia and can be utilised
to produce low-cost adsorbents. Banana trees are widely cultivated and used for a vari-
ety of purposes. Bananas account for about 16% of overall fruit output, making them the
second-largest fruit globally, with Malaysia accounting for 32% of total fruit production [29].
Research on the banana blossom as an adsorbent for contaminant removal is limited. The
banana blossom peels (BBP) adsorbent can remove 79.72% turbidity, 88.24% total solids,
and 61.01% chloride from a lake water sample while also lowering the water’s alkalinity
to neutral pH. (8.4 to 6.75). However, the composition of BBP can vary depending on the
maturity of the plant and other factors. Nevertheless, the chemical treatment of BBP as an
adsorbent for Mn removal has not been investigated before.

No research has been done on the isotherm and kinetic studies of the chemically
modified BBP adsorbent’s reusability and use for Mn removal. Therefore, the current study
attempts to synthesise banana blossom peels using a chemical treatment method. The
effects of several process variables, such as adsorbent dose, contact time, pH, and initial
manganese concentration, on the adsorption behaviour of Mn onto the BBP adsorbent
were examined. Isotherm and kinetic studies were used to figure out how the adsorption
process works.

2. Materials and Methods
2.1. Banana Blossom Peels Adsorbent Preparation

Banana blossom peels (BBP) were collected from banana planters at Pagoh Jaya,
Muar, Johor, Malaysia. The BBP was properly scrubbed and washed to eliminate surface
contaminants; the BBP was then chopped into tiny pieces and oven-dried for 12 h at
60 °C £ 1 °C. The BBP was grounded and sieved into powder with a standard mesh ring of
150212 um. The BBP powder was submerged in 20 mL of 1 M HCl and sodium hydroxide
(NaOH). The alkaline-acid treatment has demonstrated potential as a cost-effective method
for modifying adsorbents, leading to their enhance efficiency for water treatment [30]. The
BBP powder was mixed for 30 min with chemical activation solutions in an orbital shaker
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BBP

at 150 rpm. Any remaining chemicals on the surface were removed by rinsing the BBP
with distilled water. The BBP powder was then dried for 12 h at 60 °C £ 1 °C for 12 h [31]
and sieved using a standard 60 mesh sieve. Figure 1 shows a schematic illustration of BBP
adsorbent preparation.

HCL NaOH

p

BBP powder

Dried BBP The activating solutions and BBP
were stirred on an orbital shaker for
30 minutes at 150 rpm

‘\\ — / .
- N 4
\ )
]
§ BBP
powder U

Final treated BBP adsorbent Drying process &~ :\7
after washing and drying TYinE P L i g

Treated BBP powder were
rinsed with distilled water

Figure 1. Schematic illustration of BBP adsorbent preparation using chemical treatment.

2.2. Characterisation of Banana Blossom Peels Powder

The elemental content and surface morphology of the BBP adsorbent were defined
using field emission scanning electron microscope (FESEM) and energy dispersive X-ray
(EDX). Fourier transform infrared spectroscopy (FTIR) was used to look at the functional
groups in the BPP adsorbent. The FTIR spectrum was performed with a resolution of
4 cm™!, and the reading was taken in the mid-infrared range of 4000 to 400 cm~!. The
crystalline structure of the BBP pattern was determined using an X-ray diffraction (XRD)
pattern created by Cu K& monochromatic radiation utilising Bruker D8 Advanced X-rays
of 1.5406 A wavelength. The BBP adsorbent was compressed in a cassette sample holder
and the data were collected from 20 = 20°-80° with a sampling pitch of 0.02°. Based on
nitrogen adsorption-desorption at 77 K (Thermo Scientific surface area and pore analyser),
a Brunauer-Emmet-Teller (BET) method was used to measure the surface area, total pore
volume, and pore diameter. The BBP adsorbent sample was outgassed at 60 °C for 24 h
prior to analysis.

Zeta Potential

The charge of zeta potential of the BBP adsorbent was determined by measuring their
velocity by Zetasizer Nano Series ZSP system (Malvern Instruments, Worcestershire, UK).
Additionally, the zeta potential of the BBP adsorbent was measured at the pH value in the
vitro digestion model according to Anai Zavala-Franco et al. [32].

2.3. Batch Adsorption Experiment

Stuart orbital shaker was used for batch adsorption experiments where a 250 mL coni-
cal flask was shaken at 150 rpm with initial Mn?* concentrations (10-50 mg/L), adsorbent
dosage (0.1-0.7 g/L), varied pH (4-9), and contact time (60-80 min). By dissolving 0.308 g
manganese (II) sulphate in 1 L deionised water, a stock solution containing 100 mg/L Mn
was obtained. The experimental solutions were diluted further in 1 L flasks to concentra-
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tions ranging from 10 to 50 mg/L. The following equations were used to determine the
effectiveness of Min removal (%) and adsorption capacity, qe (mg/g):

Removal(%) = (S0 =) 100 )
Co
Qe = W )
where

Co (mg/L): Initial Mn concentration

Ce (mg/L): Equilibrium Mn concentration in solution

ge (mg/g): The amount of metal ions

V: The solution volume (L)

W: The mass of the BBP adsorbent (g)

The sample’s suspension was filtered with 0.45 um filter paper before being analysed
for Mn concentration using inductively coupled plasma optical emission spectrometry
(ICP-OES) (Optima 800, Perkin Elmer, Waltham, MA, USA). The concentration of Mn was
determined using this approach before and after the batch adsorption tests.

2.4. Adsorption Isotherms Studies

In the liquid state, adsorption isotherms are useful for demonstrating the behaviour,
mechanism, and optimal fit of metal ion concentration on the surface of adsorbents at a
certain concentration [33,34]. This study employed the Langmuir and Freundlich models
in order to study the link between the Mn concentration adsorbed by BPP and the linear
and non-linear equations. Solute monolayer adsorption onto an adsorbent surface was
considered to represent the Langmuir isotherm, and the equation is as follows:

Linear: c . c
e e
e _ 4 3
e Gmax b Gmax ®)

Non-Linear:
_ max +bC,

e = "1 +1C,)

C. is the solute equilibrium concentration, g4y is the adsorbent monolayer capacity
(mg/g), and b is the adsorption constant (L/mg). C./g. versus C, should be plotted as a
straight line [35].

Non-ideal, reversible adsorption is commonly described by the Freundlich isotherm.
The equation is as follows:

Linear:

4)

1
log q. = log Kr + Elog Ce 5)

Non-Linear:
ge = Ky +CM/" (6)

qe is the absorption of pollutant per unit weight of biosorption (mg/L), and K is
the Freundlich constant defining the adsorption capacity (mg/L). C, is the equilibrium
concentration (mg/L), and n denotes the adsorption intensity empirical constant.

2.5. Adsorption Kinetics Studies

The Mn removal data from the experiment under ideal circumstances were used for
linear and non-linear models of pseudo-first-order and second-order kinetics to create the
prediction adsorption data. The kinetic study may be utilised to determine the adsorption
process’s reaction rate and mechanism. Adsorption rates of Mn ions are assumed to be
inversely related to the number of empty spaces on the BBP adsorbent.

The pseudo-first-order equation for adsorption of a solute from a liquid solution is
as follows:
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Linear:
In(g, — q¢:) = In g, — Kyt (7)
Non-Linear:
9t =qe (1 — e — Kqt) 8)

ge is the adsorbed metal ion mass at equilibrium (mg/g), g: is the adsorbed metal
ion mass at time t (mg/g), and Kj is the pseudo-first-order reaction rate constant (1/min).
Meanwhile, the pseudo-second-order kinetic model proposes that chemical adsorption that
incorporates valence forces through electron sharing or exchange between adsorbent and
adsorbate might be the rate-limiting step [34,36].

The adsorption equilibrium capacity determines the pseudo-second-order equation,
as illustrated below:

Linear:

e 1t
g Koz qe
Non-Linear:
K2g.°t

I T kgt

The pseudo-second-order reaction rate equilibrium (g/mg min) is represented by the
constant Kj.

2.6. Desorption Experiment

The desorption experiment was conducted to test the BBP adsorbent’s reusability.
In a conical flask, 100 mL of 0.5 M HCL was contacted with manganese pre-sorbed BBP
adsorbent samples (0.5 g) and shaken at 150 rpm at room temperature. After that, the
sample was taken at regular intervals and filtered before being analysed for manganese
levels using ICP-OES.

3. Results and Discussion
3.1. Characterisation of BBP Adsorbent
3.1.1. Zeta Potential

The electrokinetic potential in colloidal systems is known as zeta potential; it can
also describe the surface of charged particles. The zeta potential can be influenced by
both surface charge and ambient factors, and it may be affected by pH and ions in the
medium as a result. In the present study, a zeta potential value of —9.87 to —21.1 mV
(Figure 2) was obtained in the BBP adsorbent. These results are in slight accordance with
Anai Zavala-Franco et al. [32], who reported BBP zeta potential values of —12.7 to —14 mV,
respectively. High zeta potential indicates strongly charged particles, which precludes
particle aggregation owing to electrostatic repulsion. The attraction will overpower the
repulsion if the zeta potential value is low and it is prone to form coagulates [37].

3.1.2. Surface Morphology and EDX Analysis

Figure 3 shows the surface morphology, microstructures, and physical characteristics
of the BBP adsorbent before and after Mn adsorption, respectively, as measured by FESEM.
The BBP adsorbent’s surface is crimped with deeper dents, has a rough interior surface,
and is dense (Figure 2). Due to extremely uneven surfaces that give maximal surface area
for manganese ion adsorption, the shape of BBP may enhance Mn adsorption [35,37-39].
EDX examination revealed the presence of significant carbon (C), oxygen (O), and sodium
(Na) components in Figure 3a,b.
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Figure 2. Zeta potential of banana blossom peel adsorbent.
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Figure 3. Scanning electron microscopic images of pristine BBP adsorbent (a) before and (b) after
adsorption of Mn with EDX analysis.
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The FESEM micrograph is used to visualize the surface morphology of the BBP
adsorbent and shows changes in form, suggesting Mn adsorption onto the BBP. Figure 3b
shows how the morphologies of FESEM modify the adsorption process with a less crimped
and rough surface than the new BBP adsorbent. Because of the intense shaking and
interactions with the Mn solutions and water molecules, the surfaces became loose and
porous, forming micro-channels by Mn ion penetration into the interior binding sites [39].
Following the adsorption, gleaming particles were discovered on the surface of the BBP. In
addition, the EDX spectra in Figure 4 show an additional Mn signal, indicating that Mn
ions have been uptaken onto the surface of the BBP adsorbent.
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Figure 4. FTIR analysis of BBP adsorbent (a) before and (b) after manganese adsorption processes of Mn.
3.1.3. FTIR Analysis

Figure 4a,b illustrates the functional groups found in the BBP adsorbent before and af-
ter manganese adsorption, respectively. The broad transmission band at roughly 3288 cm ™!
can be attributed to the overlapping of hydroxyl group O-H (carboxylic acid), C-O stretch-
ing, and N-H (amino groups) of macromolecular association [33], as seen in Figure 4a.
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Figure 4b shows that the -OH or -NH stretch band was displaced to 3276 cm !, indicating
that the adsorption involves -OH and C-O stretching of alcohol or -NH deformation [40].
In Figure 4a, BBP has a C-H stretching vibration of 2915 cm~!, which shifts to 2919 cm~! in
Figure 4b, indicating the existence of an alkene functional group [8,41].

The asymmetric stretching of the carboxylic C=O double bond, which is prevalent
in pectin-containing fibre materials, correlates to changes in the band from 1603 cm !
(Figure 4a) to 1606 cm~! (Figure 4b). The peaks at 1245 cm ™! are created by C-O stretching
vibrations in hemicellulose and C-O stretching vibrations in the acetyl group in lignin,
as shown in Figure 4a. The absence of the 1245 cm ™! peak noticed in Figure 5b after the
adsorption process pointed to the loss of hemicellulose and lignin [42]. The change of
bands observed from 675-652 cm ! in Figure 4a to a single band of 667 cm ™, in Figure 4b,
may represent the aromatic C-H groups [43]. The presence of functional groups (hydroxyl,
carboxyl, amine, etc.) in the BBP adsorbent had contributed to the adsorption.
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Figure 5. XRD pattern of BBP adsorbent (a) before and (b) after manganese adsorption.
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3.1.4. XRD Analysis

Figure 5a,b shows XRD analysis of the BBP adsorbent before and after manganese
adsorption, respectively. The absence of sharp peaks and the appearance of a broad low-
intensity diffraction background indicate that the structure of the BBP adsorbent is an
amorphous phase connected to the carbon structure [39]. Other than that, it is also due
to organic materials and volatile substances. The existence of typical crystalline cellulose
peaks was discovered at a temperature of 20 ~ 22°. The crystal structure of cellulose [44]
is thought to be responsible for the peak. There were no significant variations in the
crystalline peaks of the BBP adsorbent after adsorption, except that the intensity of the
phases decreased, indicating that manganese ions were replacing the ions and changing
the structure of the BBP adsorbent. This reveals that manganese adsorption did not alter
the structural space of BBP adsorbents, and, hence, the adsorption process happened on
the surface.

3.1.5. BET Analysis

Adsorption is a complicated process influenced by several parameters, including the
adsorbent’s pore structure, size, and surface chemistry. The interpretation of Figure 6;
the red line (represents the adsorption isotherm) and blue dot (represents the isotherm
corresponds to the point of maximum inflection known as the monolayer coverage point).
The average pore diameter of the BBP adsorbent is 64.35 nm, with a BET surface area
of 2.12 m?/g, and a total pore volume of 0.0139 cm?/g. Figure 6 shows the nitrogen
adsorption—desorption isotherms and pore size distribution curves (inset) of the BBP
adsorbent. According to the IUPAC classification, the isotherm for the BBP adsorbent is
classed as type 3 macropores (>50 nm). Because it has an ionic radius of roughly 0.80 nm,
the pore size distribution makes it excellent for adsorbing manganese ions [45]. Manganese
ions were, therefore, able to enter the biggest micropores (less than 2 nm, according to
IUPAC classification). Most agro- or carbonaceous materials have a low surface area [31],
but a material’s low surface area does not imply a low adsorption capacity [46]. The
functional groups (amino, carbonyl, carboxyl) present in the structure of the adsorbent are
primarily responsible for the adsorption capabilities of non-living biomasses [47].
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Figure 6. Nitrogen adsorption—desorption isotherms and pore size distribution curves (inset) of
BBP adsorbent.
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3.2. Batch Adsorption Studies
3.2.1. Effect of pH

Figure 7 displays the optimal performance of various pH conditions with a 0.1-0.7 g
adsorbent dosage and initial manganese concentrations ranging from 10-50 mg/L in
60-180 min of contact time. The effect of pH ranges from 5-9 on the removal of Mn by
the BBP adsorbent, as is shown in Figure 7a. The impact of pH may be explained using
the surface charge on the BBP adsorbent. The elimination of Mn was shown to be at a
maximum of 90% at pH 7 when the initial pH was elevated but then gradually reduced
over 7. The adsorption increased when the pH of the solution increased because more
negative-charged, metal-binding sites were exposed, attracting positive-charged metal
ions and inducing adsorption onto the adsorbent surface [48]. The positive charge density
of the H" ion decreases with increasing pH, which reduces electrostatic repulsion on the
surface of the BBP adsorbent and attracts more manganese ions, thus facilitating greater
metal adsorption [35]. The lowest percentage removal of Mn?* was found at pH 4 and pH
5.5. This is due to the fact that the substantial H* ion concentration adsorbs most of the
adsorbent’s active site at low pH, which lowers manganese ion removal efficacy [41].
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Figure 7. Effect of (a) pH, (b) initial Mn concentration (mg/L), (c) BBP adsorbent dosage (g/L), and
(d) contact time (minutes) for Mn removal.

Saturation of the bonded active sites took place and became inaccessible to other
cations [38]. The surface charge on solid particles is highly affected by pH solution [49].
The chemical state of the functional groups and the properties and availability of metal
ions in the solution are also altered by the absorption process [41]. When pH rises, partial
hydrolysis of Mn?" ions occurs, resulting in the formation of OH™ complexes such as
Mn(OH)*, Mn(OH),, Mn,(OH)3*, and Mn,OH3* in solution. As a result, adsorption and
precipitation of manganese-hydroxyl compounds inside the adsorbent structure may be
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involved [50]. The surface functional groups of the BBP adsorbent and the metal chemistry
in the solution are linked to Mn adsorption at higher pH. The functional groups may be
observed in the preceding section, in Figure 5. Feizi and Jalali [51] stated that metal sorption
is dependent on the dissociation of carboxyl and hydroxyl groups. The functional groups
would be exposed when the pH increased. As a result, increasing the density of negative
charge on the BBP adsorbent’s surface aids in the attraction of manganese ions to functional
groups [38]. The pH value, as well as surface charge and ionisation, are used to determine
the adsorption capacity of the BBP adsorbent. Therefore, pH 7 is the optimum pH value for
maximum Mn removal in the present study.

3.2.2. Effect of Initial Manganese Concentration

Figure 7b shows the effect of the initial Mn ion concentration of 10-50 mg/L when
the BBP adsorbent solution was used with the ideal pH of 8, as stated in the previous
section. The proportion of Mn removed was expected to decrease as the initial Mn ion
concentration increased. The overall Mn removal was 100% at a starting Mn value of
20 mg/L. A trend was observed in Figure 8b, where Mn removal was decreased from
100% to 32%, with an increased initial Mn concentration from 10-50 mg/L. This means
that the surface saturation is influenced by the manganese content at the start. At greater
manganese concentrations, the adsorbent surface area saturates as ion transport from the
bulk solution to the adsorbent surface area decreases [8]. Idrees et al. [52] suggested that
the initial concentration of manganese ions in the adsorbent and solution provides an
impelling reason to overcome metal transfer resistances in the adsorbent and solution. As
a result, the active sites of the BBP adsorbent and manganese ions collide with a higher
probability. At some point, the adsorption sites become occupied and achieve a fixed value,
making further adsorption from an aqueous solution impossible. Adeogun et al. [53] also
found that when the initial Mn concentration increased, the removal of Mn ions using
raw and oxalic acid-modified rice husk adsorbent reduced. Adsorption happens quickly
on the exterior surface of the adsorbent, followed by a delayed interior diffusion phase,
which may be the rate-determining step. This is similar to this study, in which the rate of
adsorption is fast for the first 10 min, then slows until virtual equilibrium is reached due to
the rapid occupancy of Mn ions onto the surface of the BBP adsorbent.

3.2.3. Effect of Adsorbent Dosage

Figure 7c shows the impact of BBP dose on manganese removal at pH 7 with an ideal
beginning Mn content of 20 mg/L. Adsorbent dosages ranging from 0.1 g/L to 0.7 g/L
were used, and the tests were shaken for 150 min. The obtained findings indicate that as the
adsorbent dose is raised, the efficacy of Mn removal improves. The greatest Mn removal
was 96% at the optimum adsorbent dosage of BBP (0.5 g/L). More active exchangeable
adsorption sites are provided by a high adsorbent dosage. Excessive adsorbent dose, on
the other hand, may reduce the adsorption rate due to interference produced by adsor-
bent active site interaction [54]. According to Abdi et al. [55], increasing the amount of
tangerine peel adsorbent enhanced Mn removal efficiency. This is because a higher dosage
of adsorbent results in an increase in surface area and metal-binding sites. As a result,
even though the starting metal concentration remained constant, the rate of Mn adsorption
increased [50]. Furthermore, ref. [56] (2014) also reported that increasing the banana peel
activated carbon (BPAC) adsorbent dosage led to higher manganese adsorption. This is
because of the increased surface area and the existence of additional binding sites for man-
ganese ions [57]. By increasing the adsorbent dose, the effective surface area for adsorption
was enhanced [35].
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Figure 8. (a) Linear and (b) non-linear of Langmuir isotherm; (c) Linear and (d) non-linear of Freundlich
isotherm model for Mn adsorption using BBP.

3.2.4. Effect of Contact Time

In 250 mL of solution, 0.5 g/L (BBP), starting Mn content of 20 mg/L, and pH of 7, the
time has an important effect in the BBP adsorption, which was tested during a time span
of 30-180 min. After determining the ideal pH and beginning concentration, the optimal
contact time was obtained [58]. Figure 7d demonstrates that after reaching equilibrium, the
optimal duration for Mn adsorption by BBP resulted in 100% removal when the contact
period was prolonged up to 150 min. Marque et al. [59] found that, by utilising Moringa
oleifera seeds as an adsorbent, they were able to remove 93% of Mn within 120 min of
contact time, until equilibrium was established.

The experiment discovered that adsorption happens in two phases, the first being fast
adsorption and the second being delayed release of adsorbent chemicals. This is due to the
fact that the amount of adsorbed Mn has surpassed the maximum number of Mn for which
the adsorbents are saturated. If a large number of adsorbents have saturated the active site
on the adsorbent’s surface, additional adsorption time will no longer improve adsorption
and may even decrease it [58].

3.3. Comparison with Previous Studies on Mn Removal under Optimum Conditions

The result obtained under optimal Mn removal conditions for BBP in the previous
experiments was performed to validate the optimal conditions. The validation experiment
was conducted at 0.5 g of the BBP adsorbent dose, initial Mn concentration of 20 mg/L at
pH 7, and agitated for 150 min at 125 rpm. The results were close to the previous experiment
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with 98% Mn removal and clearly showed that the factors affecting the adsorption process
for Mn removal were successfully determined. Table 1 shows the BBP adsorbent has
remarkable adsorption capacity as compared to other studies in the literature.

Table 1. Comparison of the present study findings with previous studies.

Manganese Contact Adsorbent Mn Conc.

Adsorbent Remogval (%) pH Time (min) Dosage (g) (mg/L) Reference
Moringa seed 93 5 120 5 50 Hegazy et al. [60]
Olive pomace 91 5 120 5 50 Hegazy et al. [60]

Biochar-banana peel 46 7 180 3 10 Kim et al. [43]

Lemon peel 78.2 4 15 1 25 Meseldzija et al. [61]

Beet pulp 86.4 6 90 1 2 Ahmed et al. [57]

Tamarind fruit shell 74 3 60 1.2 100 Bangaraiah [62]
Sugarcane Bagasse 62.5 6 150 0.15 2 Ahmed et al. [57]
BBP 98 7 150 0.5 20 This study

3.4. Adsorption Isotherm Studies

Figure 8 depicts the adsorption relationships study utilising the Langmuir and Fre-
undlich isotherms for the adsorption of Mn. The experiment was run at optimised condi-
tions for both isotherms of Mn removal, as mentioned in the preceding section. These two
models feature the most basic experiments of a wide range of operational circumstances.
The Langmuir isotherm states that absorption takes place on a homogenous surface by
monolayer sorption with no interaction between the adsorbed molecules [33]. As the
correlation coefficients of R? analysis show, the linear Langmuir and Freundlich models
were best fitted according to the predicted adsorption equilibrium: 0.984 (linear Langmuir)
and 0.995 (linear Freundlich), compared to non-linear Langmuir (0.388) and non-linear
Freundlich (0.516), respectively.

Table 2 displayed the Langmuir and Freundlich constant isotherm on the established
coefficient of R? from the basis of the modelling curve. The correlation coefficients of R? and
the computed value for qmax are close to the experimental qmax in Figure 8a,c, indicating
that the data fit the linear Langmuir model. The procedure is said to be favourable if the Ry,
value is between 0 and 1 (0 < Ry, < 1) [53]. On the other hand, the determination correlation
coefficients of R? in the linear Freundlich model were also a good fit for the experimental
data, whereas the value of 1/n < 1 indicates that the process is favourable for adsorption
and the surface of the adsorbent is highly heterogeneous [53].

Table 2. Langmuir and Freundlich isotherm equilibrium parameters for manganese adsorption onto

BBP adsorbent.
Model Parameters Non-Linear Linear

qmax 15+ 1.14 15.089 4 0.80

Langmuir Ry, 2.14 £ 0.06 0.02 £0.12

R? 0.388 + 0.07 0.984 + 0.53

1/n 0.2365 + 0.42 0.25 4+ 0.06

Freundlich k¢ 8 +0.12 2.294 + 1.36

R? 0.516 + 0.17 0.995 + 0.60
e 14.15 £ 1.39 62.783 +9.70

Pseudo-first order Ky 1.81 £1.03 2.04 +0.70
R? 0.875 + 1.51 0.840 +1.24

Qe 14.33 +0.23 14.547 +£ 2.0

Pseudo-second order Ky 1.671 £1.53 0.881 4+ 0.23
R? 0.899 £ 0.05 0.991 + 0.01
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The isotherm results obtained in the present study indicate that the experimental data
for adsorption of Mn ions onto the BBP adsorbent fitted to both linear isotherm models as
the values for the correlation coefficients (R?) were both high (R? > 0.98). Mn adsorption on
the BBP adsorbent can take the form of multilayers on the adsorbent’s surface. However,
the evidence is also compatible with linear on both isotherm models in which monolayer
adsorption occurs on the BBP adsorbent, based on excellent correlation coefficients.

3.5. Adsorption Kinetics

Figure 9 depicts the linear and non-linear graphs of pseudo-first and pseudo-second-
order kinetics, respectively. The regression coefficient must be high (R?) and the calculated
ge values should be closed to the experimental g, [59]. These criteria must be satisfied to
be fitted in these kinetic models. The pseudo-second-order model accurately captured the
kinetics of Mn adsorption onto the BBP adsorbent. However, the linear and non-linear
pseudo-first-order models were inappropriate due to low R? values. The graph of pseudo-
first-order in Figure 10a,c shows a poor correlation of parameters with R? = 0.840 (linear)
and R? = 0.875 (non-linear), while the graph for pseudo-second-order was best described in
Figure 9c with high linear regression of R? = 0.991.
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Figure 9. (a) Linear and (b) non-linear of pseudo-first-order; (c) linear and (d) non-linear of pseudo-
second-order kinetic model for Mn adsorption using BBP.
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Figure 10. Desorption of manganese by BBP adsorbent.

3.6. Desorption Studies

Figure 10 shows the desorption of manganese by the BBP adsorbent. The experiment
was run at the optimum condition obtained in the adsorption study, which is 0.1 M HCL
acid, 0.5 g BBP adsorbent, and 150 min. A low concentration of HCL acid was used for the
effective desorption process as the reaction is more stable. In the first cycle, high desorption
of manganese of 92% was attained in 30 min. The recovery of the BBP adsorbent using
HCL acid demonstrates a high percentage of manganese desorbed in 5 min, reaching a
maximum in 30 min. However, the desorption efficiency was decreased to 51% in the
second cycle and further decreased to 32% in the third cycle. The loss rate after the third
cycle desorption was 60%. This might be attributed to the loss of functional groups on the
BBP adsorbent surface during the regeneration process, as well as inadequate desorption.
Long-term elution can cause the binding site to be destroyed or manganese ions to be left
in the adsorbent [63].

Figure 11 shows the recovery of the BBP adsorbent for manganese removal. The
recovery rate in the first cycle was 94.18% and decreased to 61.38% in the second cycle,
followed by 40.39% in the third cycle. This showed that the adsorption recovery was
effective in the first cycle but was gradually decreased in the second and third cycles.
This finding shows that the BBP adsorbent has potential reusability and efficiency for
reuse after the first cycle of the desorption process. As the number of desorption cycles
increases, the active binding sites on the adsorbent are gradually destroyed after each
cycle. As a result, the regenerated adsorbent’s performance is inferior to that of the freshly
manufactured adsorbent. The saturation and occupancy of adsorption sites with firmly
adsorbed adsorbate can also induce a reduction in desorption efficiency [64]. Furthermore,
certain chemical reagents can alter the chemical structure of adsorbents by reacting with
certain of the adsorbent’s components [65]. As HCL acid weakens certain active sites in the
adsorbent by leaching some ions into the desorbing solution with each desorbing cycle, the
adsorbent’s adsorption capacity will be reduced.
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Figure 11. Recovery of BBP adsorbent for manganese removal.

4. Conclusions

The chemically modified BBP adsorbent resulted in the large surface area and crum-
pled shape of the adsorbent that caters to a maximum adsorption rate. The presence of
hydroxyl and carboxyl groups, which play a crucial role in the adsorption process, is shown
by FTIR measurement. XRD analysis suggests that the structure of BBP is amorphous, while
BET analysis indicates that the size distribution of the BBP adsorbent is macropores and has
the zeta potential of —9.87 to —21.1 mV. According to isotherm studies, the linear Langmuir
and Freundlich model portrayed the experimental results effectively. Additionally, the
linear pseudo-second-order provides a well linear regression with the R? of 0.99. Hence,
the mechanism for the adsorption of manganese by the BBP adsorbent is by chemisorption,
where the Mn ions adhere to the surface of the BBP adsorbent by a chemical bond. After the
first desorption cycle, the efficiency of recycling the BBP adsorbent for additional adsorp-
tion processes is the highest, with a recovery rate of 94.18%. According to the findings, the
BBP adsorbent is a potential natural adsorbent that is effective foreating water containing
Mn at the optimum condition. Furthermore, the ability of the BBP adsorbent to be reused
demonstrated that the adsorbent is economical and can reduce the negative impact on
the environment.
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