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ABSTRACT

Water contamination by heavy metals represents a high risk of environmental pollution and a precursor of
several human diseases. The presence of these metals at high levels in wastewater treatment plants and industrial
effluents motivated the search for remediating these pollutants. Among remediation methods, adsorption is
extensively used to decontaminate waters containing these metals. Thus, this study prepared, characterized,
optimized, and applied two types of adsorbents to a prepared metal ion solution (PMS): a bioadsorbent based
on banana peel flour (BPF) and a synthetic adsorbent based on magnetite encapsulated by chitosan (MEC).
A systematic study was performed with PMS containing Al (11I), Ba (II), Pb (II), Cu (II), Cr (11I), Fe (II), Mn (II),
and Zn (II) to determine the best conditions for simultaneous metal ion adsorption Adsorption studies evaluated
the experimental adsorption isotherms according to the variation in pH values, the mass of adsorbents, and
contact time, and the kinetic study applied pseudo-first- and pseudo-second-order models. The best parameters
were the pH of 6, a mass of adsorbents of 25 mg, and fast saturation time of around 10 minutes. The kinetic
model that best fitted the process was the pseudo-second-order for all metals in both adsorbents. The PMS
adsorption capacity achieved by MEC was higher than BPF. The removal by MEC was Al=Fe=Pb=Cu=Cr>
Zn>Mn>Ba, in the percentages of 100, 100, 100, 100, 100, 98, 88, and 76%, respectively. The BPF showed
Pb>Fe>Cr>Cu>Al>Zn>Ba>Mn, in the percentages of 97, 67, 63, 50, 46, 45, 44, and 5%, respectively. The results
suggest that the affinity between adsorbents with certain metal ions is due to the characteristics of the adsorbent
surface and the number of chemical species available in the solution, which may interfere with the adsorptive
process. Above all, the percentage of simultanecous removal of metal ions by both adsorbents was relevant,
making them promising for remediating heavy metal ions in sanitary sewage after conventional treatment and
industrial effluents containing mixed metal ions.
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1. INTRODUCTION

Water is an essential natural resource for maintaining life in our ecosystem. Hence, consciously using and treating
water after its use becomes essential to preserve the environment and human life in both present and future
generations. Industrial activities produce a significant amount of effluents with chemical pollutants that are harmful
to health and the environment and need to be removed [1]. Among the chemical pollutants in most industrial
effluents, heavy metals have been gaining special attention for being recalcitrant pollutants in the environment and
causing an enormous environmental imbalance. They are also highly toxic to human health and precursors of various
diseases, such as heart and neurodegenerative diseases [2]. In this sense, studies seek efficient and economically
viable alternatives for remediating effluents containing heavy metals in their ionized form [3]. The adsorption
technique is an effective method for treating and removing metal ions in effluents [4]. Activated carbon has long
been the most extensively used adsorbent material for adsorption due to its versatility and effectiveness in the
adsorptive process for removing metal ions in effluents [5—6]. However, new studies seek other alternatives that are
inexpensive and efficient in removing heavy metals [S]. Among the viable techniques for removing heavy metals,
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bioadsorbents are interesting because they are natural, abundant, renewable, and inexpensive. Bioadsorption has
a particular adsorption feature, using vegetable biomass as an adsorbent material for removing metals in aqueous
solutions. The bioadsorption process occurs through electrostatic interactions and/or the formation of bonds
between metal ions and functional biomass groups [7]. Therefore, bioadsorbents have been extensively studied as
alternative materials for treating several types of effluents composed of heavy metals [8]. Among bioadsorbents,
the banana peel stands out because it is a fruit abundantly consumed in Brazil and whose peel is usually discarded
[9]. Moreover, the banana peel has numerous organic groups responsible for adsorbing metal ions and consists
of several groups such as carbonyls, phenols, carboxyls, and hydroxyls from functional groups such as cellulose,
holocellulose, lignin, pectic acid, organic acids, and proteins [4—5,10]. These organic functional groups form bonds
with metals through electrostatic interactions and ionic and/or covalent chemicals [11].

Another alternative for removing heavy metal ions is using ferromagnetic nanomaterials, which have
stood out as a viable alternative because of their high efficiency in removing heavy metal ions in aqueous
solutions and simple synthesis process. Magnetites have a strong magnetic response in the presence of an
external magnetic field, an attribute that supports their separation from the aqueous medium due to the intrinsic
superparamagnetic property of this material [12-13]. Another important aspect of the iron oxide (Fe,O,)
nanoparticle is the ability of functionalization by compounds that can adsorb metals such as chitosan, APTMS
(3-aminopropyltrimethoxysilane), silica, and humic acid, among others, ensuring the removal of toxic metals
in aqueous media [14—15]. Another vital property of the functionalized nanoparticle refers to the large surface
area due to its small size, which possibly increases the efficiency in adsorbing ions of different metals in aqueous
solutions [16]. Among the compounds, chitosan enhances the adsorptive and selective capacities of magnetite
due to the presence of amino and cellulosic functional groups responsible for metal adsorption [16] and improves
the colloidal stability of this nano-adsorbent in the environment, which is essential for adsorbing metal ions [17].

Given this scenario, the main objective of this study was to investigate the adsorptive efficiency of the
Al (IIT), Ba (II), Pb (II), Cu (1I), Cr (III), Fe (II), Mn (II), and Zn (II) metal ions, simultaneously using banana
peel flour as a bioadsorbent and magnetite encapsulated by chitosan as a nano-adsorbent in a prepared metal ion
solution. The study also aimed to compare the results of characterizations with the adsorptive capacity of these
materials.

2. EXPERIMENT

2.1. Reagents

This study used HCI (37% purity, Synth) for the treatment of banana peel flour (BPF), and FeCl,.4H,0 (98%
purity, Dinadmica), FeCl,.6H,O (97% purity, Dindmica), ammonium hydroxide (NH,OH) (25% purity, Synth),
low molecular weight chitosan (75-85% deacetylated, Sigma Aldrich), sodium hydroxide (NaOH) (97% purity,
Merck), acetic acid (97% purity, Merck), and nitric oxide (70% purity, Synth) for nanoparticle synthesis.

2.2. Preparation and synthesis of adsorbents

The banana peel flour (BPF) was prepared and treated according to the methodology applied previously [1].
The Fe,O, magnetite was synthesized according to the reference [18] with modifications. Iron oxide-based
nanoparticles were produced with the alkaline co-precipitation method and subsequent encapsulation by chitosan
(MEC). To encapsulate the magnetites with chitosan, 1 g of low molecular weight chitosan (Aldrich) was added
to 400 mL of a 2% acetic acid solution under vigorous stirring until increasing the viscosity (gelatinous). Still
under vigorous stirring, the synthesized magnetites were added. This mixture was left under constant stirring for
1 hour at normal atmospheric conditions and room temperature. The precipitate was decanted with a magnet.
Then, 200 mL of the supernatant was removed and 50 mL of NaOH (2 mol) was added dropwise aided by a
burette under stirring. The final precipitate was separated with a magnet and washed several times with distilled
water. Finally, it was dried at 60°C in a forced-air oven.

2.3. Characterizations of adsorbent materials

The BPF and MEC adsorbents were characterized with the following techniques: Scanning Electron
Microscopy (SEM), obtained from the FE-SEM microscope, JEOL 7500 F, 10-kV beam, and 500 to 5000
times magnification; Energy-Dispersive X-ray (EDX-SEM) with 10 kV of excitation energy; Fourier Transform
Infrared spectroscopy with attenuated total reflection (FTIR ATR Vertex 70 — Bruker), with a scanning range
between 4000 and 400 cm ™! (32 scans and 4-cm! resolution) and a diamond crystal as the support. The SEM,
EDX, and FTIR analyses were performed with BPF samples in natura and after the chemical treatment, and
in the nano-adsorbent used in the magnetite samples before and after encapsulation by chitosan and after the
adsorption in both adsorbents.
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Table 1: Metal ion concentration limits according to the Brazilian legislation.

Metal ions Al Ba Pb** Cu Cr Fe Mn Zn
CONAMA?* 0.100 0.700 0.010 0.009 0.050 0.300 0.100 0.180
PMS* 0.150 1.050 0.060 0.013 0.075 0.450 0.150 0.270

a— Metal ion concentrations in mg L!; * Prepared metal ion solutions; ** 500% lead in the PMS.

2.4. Prepared metal solution

The prepared metal solution (PMS) was produced to simulate an effluent containing several metals. There-
fore, monoelemental reference standards at a concentration of 100 mg L' (SpecSol Certificate) were used for
preparing a multiclemental solution. This solution was prepared with the following metal ions: Copper (Cu),
Aluminum (Al), Chrome (Cr), Iron (Fe), Barium (Ba), Lead (Pb), Manganese (Mn), and Zinc (Zn). The metal
concentrations prepared were 50% higher than the limits recommended by the Brazilian legislation (357/05
CONAMA) for class II receptor bodies [19-20], because in Brazil, the effluent receiving bodies treated are
mostly class I (only Pb with 500% due to the detection limit in the analysis). Table 1 shows the Brazilian legis-
lation limits and PMS metal ion concentrations.

2.5. Adsorption studies

Adsorption studies were performed in batch systems with fixed reaction volumes of 0.025 L. The mass of
adsorbents in all batches was 100 mg for BPF and MEC, except for the study of adsorbents mass variation.
The contact time was fixed at 60 minutes, except for the study of time variation. The temperature studied was
room temperature of 26°C (£2). The system remained under continuous agitation throughout the process,
averaging 300 rpm, with BPF on a magnetic stirrer and MEC on a mechanical stirrer. Subsequently, BPF
and MEC adsorbents were separated from the supernatant aided by a paper filter and an external magnet,
respectively.

To assess the adsorptive capacity of BPF and MEC, adsorptive studies were performed with PMS
varying the pH value (2 to 8), the concentration of adsorbents (25, 50, 100, 200, and 400 mg), the contact time
(10, 20, 40, and 60 minutes), and the interpretation of adsorption kinetics using pseudo-first-order [21] and
pseudo-second-order models [22]. All experiments were performed in triplicate. The removal percentage (%)
was determined with Equation (1):

c() _ce

(%0) = -(100) M

o

where C and C, are, respectively, the initial and final metal concentrations in the solution, in mg L™'. The
adsorptive capacity at equilibrium (ge) was determined with Equation (2) [23]:

qg,=——=V ()

where m is the mass of adsorbents (g) and V is the volume of the solution (L).

The pseudo-first-order kinetic study was investigated with Equation (3), which refers to the adsorption
rate for this kinetic model [21]:

dg
S —K (g, - 3
” (9. —9,) 3)

where K is the velocity constant (min™'), ¢ is the amount of metal adsorbed per amount of adsorbent (mg g™') in

equilibrium, and ¢t is the amount of metal adsorbed per amount of adsorbent at time ¢. Therefore, the non-linear
form proposed by the kinetic model can be represented with Equation (4) [21]:

q,=q,(1-e™) )
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After the linearization of Equation (4), the Ln (qt) graph was obtained according to ¢ with Equation (5), where
the K, parameter is the slope of the line [21]:

In(q,)=In(q,)- Kt ©)
The adsorption rate of the pseudo-second-order kinetic model can be represented with Equation (6) [22]:

dq, )
dt 2 (qe qt) ( )

where K, is the velocity constant (g mg' min ). The nonlinear form of the pseudo-second-order kinetic model
is represented with Equation (7) [22]:

qeszt
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Likewise, Equation (8) represents the mathematical model of the linearization of Equation (7). The values of K, and ge
can be obtained with the intercept and slope of the curve, respectively, presented in the graph (#/g¢) according to ¢ [22]:

t 1 1
= +—t (8)

qt K 2 q: qe

2.6. Quantification of metals

The metals were quantified before and after adsorption with an Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES). The best parameters of adsorption studies were compared with the CONAMA limits,
showing the potential for removing the metal ions studied with BPF and MEC adsorbents in the conditions
presented. Previously, the analytical curve was made with monoelemental reference standards at a concentration
of 100 mg L' (SpecSol) for reading the samples. The analysis method was validated with the “Environmental
Matrix Reference Material—A trace elements fortified sample” for use as a calibration standard (TMDA 62.2,
lot 0618) from the Environment and Climate Change Canada Proficiency Testing Studies (A2LA-Accredited),
which presented satisfactory results.

3. RESULTS

3.1. Characterization of banana peel flour

Considering the physical (grinding and drying) and chemical (acid treatment) treatments applied to BPF, the
lignocellulosic structure is altered by the degradation of long chain structures such as lignin and hemicellulose,
which makes the hydroxyl groups (-OH) of cellulose more available [23]. It also attributes higher porosity and
larger surface area, thus improving the adsorptive capacity of bioadsorbents [23—24]. Figure 1 evidences these
changes by characterizing the BPF bioadsorbent with Scanning Electron Microscopy (SEM), Energy-Dispersive
X-Ray (EDX), and Fourier Transform Infrared Spectroscopy (FTIR).

Figures 1(a) and 1(b) represent the images obtained in the SEM of banana peel flour before (BPF-IN)
and after the acid treatment (BPF-AC), respectively. Before the acid treatment, this bioadsorbent material has
smooth surfaces with a low porous aspect. After the acid treatment, its surface morphology changed, forming a
rougher surface with a more porous aspect, which is an essential attribute to increasing the adsorptive capacity
of this material [25]. These results are expected because the acid solution applied to BPF ruptures structures
such as lignin and holocellulose in the biomass [26] and attributes a high reactivity to fibers due to polarization
[27], opening new active sites by removing potential pre-existing metals with acid desorption and promoting
higher efficiency in adsorbing metal ions in aqueous solutions [23].

This desorption process is evidenced in the EDX spectra of the components in the BPF sample (Figure 1(c)).
The BPF-IN sample shows elements such as carbon (C), oxygen (O), and potassium (K), while BPF-AC shows
the removal of element K, confirming the efficiency of acid pretreatment in removing pre-existing metals in BPF
but preserving elements C and O that composes the structure of the BPF lignocellulosic bioadsorbent. The gold
element (Au) is present in both parts due to the metallization process to be analyzed in SEM.
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Figure 1: Characterization of banana peel flour (BPF). (a) SEM analysis before the acid treatment (BPF-IN); (b) SEM anal-
ysis after the acid treatment (BPF-AC); (c) BPF energy-dispersive X-ray analysis; (d) Spectra in the BPF infrared region.

In Figure 1(d), the FTIR spectra of BPF-IN and BPF-AC samples of the bioadsorbent indicate the presence
of several organic groups potentially responsible for the adsorptive properties of this material, such as cellulose,
organic acids, esters, and proteins [28]. The 3293, 2925, 1607, 1320, 1027, and 898 cm™' bands of the BPF-IN
sample are directly related to the organic groups of lignocellulosic materials [23]. The intense 3293 cm™' band is
attributed to the axial vibrational stretching of groups -OH and -NH, while the 1027 cm™ band is attributed to the
vibration of CO and CN groups and stretching of CH groups, which are part of the structure of lignocellulosic
materials, such as cellulose, lignin, and hemicellulose [23]. The 1607, 1527, and 1320 cm™ spectral bands
correspond to the vibrational stretches of the C-O group of the aromatic ring that constitutes lignin. Likewise, the
spectra with an intensity of 1377 and 1247 cm™ correspond to the stretching of groups C-H and C-O, respectively,
belonging to the acetyl functional group in hemicelluloses. As suggested in the SEM and EDX analyses, the
BPF-AC sample shows an important structural change in the BPF bioadsorbent, considering that the spectral bands
with the lignin and hemicellulose organic groups between 1027 and 1607 cm™' were attenuated. This is justified
by lignin and hemicellulose degradation through the action of the acid solution used to prepare the bioadsorbent.
In contrast, the 3293 cm™ and 1027 cm™ bands are preserved, showing the functional groups -OH and -C-O-C,
respectively, constituents of cellulose, and the small 898 cm™ spectrum from the beta-glycosidic bonds among the
saccharide units that compose cellulose [23]. Bioadsorption occurs through electrostatic interactions and/or the
formation of bonds between metal ions and functional groups, mainly cellulose, from plant biomass [7].

3.2. Characterization of magnetic nanoparticles

Figure 2 shows the results of the characterization of magnetic nanoparticles. The magnetite nanostructure (MAG)
after synthesis (Figure 2(a)) shows dispersed grains. After functionalization with chitosan (MEC), Figure 2(b)
shows an agglomeration of nano-adsorbent particles that can be attributed to Van der Waals forces [16] due
to the presence of functional groups such as cellulose in the polymer, which in turn, improves the adsorptive
properties of the nano-adsorbent for metal ions [23].
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Figure 2: Characterization of the nano-adsorbent. (a) SEM analysis of magnetites (MAG); (b) SEM analysis of chitosan-
encapsulated magnetite (MEC); (c) Analysis of energy-dispersive X-rays of MAG and MEC; (d) Spectra in the infrared
region of MAG and MEC.

The EDX spectra of the components in the MAG and MEC samples did not show significant changes
(Figure 2(c)), showing the prevalence of Fe and O, which are the basis of the molecular structure of magnetite
(Fe-O and Fe-O-Fe).

The FTIR spectrum of the nano-adsorbent in Figure 2d shows, in the MAG spectrum, the 3345 cm™' band
that represents axial vibrational stretching of -OH groups [16], suggesting water adsorption by magnetite. The
545 cm™ band in MAG and MEC can be attributed to magnetite stretching vibrations of Fe-O and Fe-O-Fe [29].
Moreover, the encapsulation of magnetite by the chitosan polymer attributed a higher adsorptive functionality
to this nanomaterial, as MEC showed an increased intensity of bands intrinsic to the molecular structures in the
chitosan polymer, which contributes to the removal of metal ions by having several functional groups. In this
sense, the 1635 cm™! band can be attributed to -NH bonds of the amino groups, the C=0 bonds from the resid-
ual amide groups in the chitosan polymer, and the 1073 cm™' band corresponding to the structure of the COC
glucose cycle of a cellulose monomer [16]. The small 896 cm™ spectrum is attributed to the beta-glycosidic
bonds between the saccharide units that constitute cellulose [23]. The active sites of chitosan consist of amino
and hydroxyl groups responsible for removing heavy metals from an aqueous medium [16—17]. Additionally,
nanomaterials have important physical and chemical properties that contribute to adsorption, such as a large
surface area and high reactivity [16].

3.3. Adsorption studies

3.3.1. Influence of pH variation on the adsorptive process

The pH value of the solution is crucial in the adsorption of metal ions, as it directly influences the interactions
between the adsorbent and the adsorbate [5, 23], as observed in Figure 3.

The results show that a pH higher than 6 can achieve maximum adsorption and efficiency in the simul-
taneous removal of the metal ions in the PMS by BPF and MEC adsorbents. The adsorption capacity decreases
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Figure 3: Quantity of metal ions adsorbed by BPF and MEC adsorbents in equilibrium (qe) according to the pH.

with the decrease in the pH value of the solution. This result suggests a competition between metal ions and
protons (H") in the solution for the active adsorbent site, the formation of potential complexes among metals,
anions, and water (solvation) with electrically neutral charges, or even the tendency of surface charges of the
adsorbent to protonate due to the increase of H" in the solution [23]. At higher pH values, starting from a pH
of 4, the system starts the adsorptive equilibrium for most metal ions in both adsorbents, except for Ba and Mn
ions, which the BPF adsorbent tends to increase as the pH value increases. This phenomenon can be explained
by the potential formation of hydroxy-complex species of [(Metal).(OH)]" in the solution, favoring adsorption
at a higher pH than the adsorbent surface, which consists of polar groups (hydroxyls, carboxyls, amino, etc.)
that are possibly negatively charged. In contrast, the formation of other complexes such as [(Metal).(OH),] gives
the system neutrality and stability, which support the balance between species and the adsorbent surface [30].
Figure 3 also shows that MEC initiates the adsorptive process of metal ions at a lower pH than BPF because, for
each adsorbent, the pH value establishes the surface charge of these materials and determines the interactions
between metal ions and adsorbents [30-31]. The Pb ion can be removed at a minimum pH in both adsorbents,
suggesting higher compatibility between the species associated with Pb and the adsorbent surfaces in detriment
to the protons (H") of the solution.

According to the results of this phase, the pH value was fixed at 6 for the following studies.

3.3.2. Variation in the mass of adsorbents

To determine the minimum amount of adsorbent material required for the maximum removal of metal ions
simultaneously, the adsorptive study was performed with the variation in the mass of BPF and MEC adsorbents
represented by the isotherms in Figure 4.

This study showed that 25 mg of both adsorbents for each 25 mL of PMS was sufficient for the maximum
removal of metal ions from the fixed-concentration solution (Table 1). Thus, the data obtained corroborate the
literature [5, 30] when referring to the availability and distribution of chemical species in a solution according to
the pH value. Based on this assumption, the chemical species formed by the metal ions in the solution with fixed
concentrations and pH value of 6 are limiting, and the increase in the amount of adsorbent material does not
imply an increase in adsorption because the chemical species available are already in solid-liquid equilibrium
in a minimum of 25 mg of adsorbents. Thus, there is an excess of active sites for a limited number of chemical
species at a pH value of 6.
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Figure 4: Amount of metal ions adsorbed by BPF and MEC adsorbents in equilibrium (qe) according to the variation in the
mass of adsorbents.
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Figure 5: Amount of metal ions adsorbed by BPF and MEC adsorbents according to contact time.

3.3.3. Kinetic adsorption study

This study was performed with a pH value of 6 and 100 mg of both adsorbents. Figure 5 shows the amount of
metal ions adsorbed by BPF and MEC adsorbents in equilibrium (ge) according to contact time. The adsorption
of metal ions is relatively fast, considering that 10 minutes promoted significant adsorption. Subsequently, the
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Table 2: Regression analysis of kinetic parameters of metal ion adsorption by BPF.

PSEUDO-SECOND-ORDER LINEAR PSEUDQO%E&E)&E RDER EXPERIMENTAL
METAL| R K, ge,, |ERROR| R K, ge,, | ERROR ge.,
IONS (g mg” min”) | (mgg™) (g mg” min™) | (mg g™) (mg g™
Al [0.99 61.6 0.015 | 9x 10+ |0.99 50.3 0.015 | 6x 10 0.014
Ba |0.99 6.51 0.133 | 1x10° |[0.98 1.68 0.145 | 8x 107 0.132
Pb  |0.99 1783 0.012 | 6x10° [1.00| 1x 10 0.011 | 2x10" 0.012
Cu [0.99 126.8 0.003 | 5x10° |[0.98 54.6 0.003 | 2x10* 0.003
Cr 099 254.8 0.013 | 1x10* [0.96] 3 x 10 0.013 | 6x10* 0.013
Fe [0.98 16.8 0.085 | 1x10° [0.97| -3x10% 0.084 | 3x10° 0.084
Mn [0.99 4342 0.001 | 2x10* [1.00| 6x10% 0.001 | 1x10" 0.001
Zn [0.99 189.7 0.038 | 4x10* |0.97 3.50 0.038 | 3x10° 0.038

ge,: Experimental adsorptive capacity; ge,_: Calculated adsorptive capacity.

Table 3: Regression analysis of kinetic parameters of metal ion adsorption by MEC.

PSEUDO-SECOND-ORDER LINEAR PSEUDO-SECOND-ORDER EXPERIMENTAL
NON-LINEAR
METAL| R? K, ge,, |ERROR| R? K, ge,, | ERROR ge.,
IONS (gmg”' min”') | (mgg™) (gmg”' min) | (mg g™) (mgg™

Al [0.99 99.9 0.029 | 2x10* |1.00 144.4 0.029 | 3x10* 0.029
Ba 0.9 246.1 0239 | 8x10* [0.99| —4x10% 024 | 1x10° 0.239
Pb  |0.99 178.7 0.012 | 6x10°5 [1.00| 1 x 10 0.011 | 2x107" 0.012
Cu [0.99 346.8 0.003 | 2x10* [1.00| 4 x 10" 0.003 | 1x10 0.003
Cr 099 119.6 0.018 | 1x10* [1.00| 3x10% 0.018 | 8x 107 0.018
Fe [1.00 2147 0.105 | 5x10* [1.00| 3 x 107 0.105 | 2x 101 0.105
Mn  [0.99 114.3 0.034 | 4x10° [0.99| —3x10% 0.033 | 3x10* 0.034
Zn  [0.99 123.4 0.067 | 4x10* [1.00| 7 x10% 0.067 | 8x 101 0.067

ge,: Experimental adsorptive capacity; ge,: Calculated adsorptive capacity.

system remains in equilibrium, in which all active sites of the adsorbents have been potentially filled or the metal
species available in the solution have been adsorbed, as previously discussed.

The contact time of 10 minutes to reach adsorptive equilibrium suggests adsorption characteristics by the
physical interaction between adsorbents and adsorbates. Physisorption occurs at nonspecific active sites and the
entire adsorbent surface. Theoretically, from a thermodynamic point of view, the energy involved is slightly low
(less than 10 Kcal mol™'; energetic order of vaporization and condensation), thus adding speed and reversibility
to the adsorptive interaction of species [23, 32]. The results of the pH variation study corroborate the suggestion
of physical adsorption, as alternating charges between the chemical species available in the medium and the
charges of adsorbents surfaces according to the pH evidenced the electrostatic interaction between the ions and
the surface.

However, the data obtained by applying kinetic models to the interactions of metal ions with BPF and MEC
adsorbents revealed that the pseudo-second-order model [22] was better adjusted because the linear correlation
coefficients (R?) were near 1, corroborating the literature [16, 33]. The pseudo-first-order model, in turn, presented
very low R? values, attributing an unfavorable adjustment. Moreover, the ge experimental values (Figure 5) agree
with the theoretically calculated values, showing small differences (errors) between these variables and confirming
that adjusting the pseudo-second-order model favors the adsorptive process studied, according to the data in
Tables 2 and 3 for BPF and MEC adsorbents, respectively. The graphs used to obtain the results in Tables 2 and 3
are in the Supplementary Material.
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Adsorption kinetics is influenced by the concentration of adsorbate ions and the number of sites available
for interacting with metals [34], which resulted in the high values of K, velocity constants (g mg ' min™') found
experimentally in this study and that determined the rapid deposition of metal ions in the adsorbents.

4. DISCUSSION

Adsorbent treatments have been extensively and successfully used, considering that such specific processes
modify the adsorbent and increase the adsorptive capacity of these materials [35]. This study explained, with
SEM, EDX, and FTIR, the importance of acid pretreatment to BPF and the encapsulation of magnetite by
chitosan. Considering the removal of inorganic elements and organic structures, pretreatment is essential to
enhance the adsorptive capacity of the BPF lignocellulosic bioadsorbent [5, 23]. In MEC, it added essential
organic groups for metal removal. Another important chitosan property is the improvement in the colloidal
stability of the magnetic nanoparticle, a crucial attribute for removing ionized metals in aqueous solutions
[17]. Therefore, the literature cites the importance of using bioadsorbents or biopolymers to remove metal ions
simultaneously in an aqueous medium with satisfactory results, and Fe (II), Zn (II), Mn (1), Cu (1), Pb (II), Co
(I1II), Ni (II), Cr (III), and V (IV) stand out among these metal ions [34, 36, 37]. It is worth noting that BPF and
chitosan are the bioadsorbents used in this study.

The adsorptive capacity of BPF and MEC adsorbents evidenced in adsorption studies using
the isotherms of variations in pH values and mass of the adsorbents and contact time corroborate the
results presented by the SEM, EDX, and FTIR of adsorbents after adsorption, illustrated in Figure 6.
Therefore, the SEM results of the BPF adsorbent after adsorption (BPF-AD) (Figure 6(a)) suggest
the filling of surfaces that were previously rougher (Figure 1(b)) by the potential adsorption of metal
ions. This statement corroborates the data obtained in the composition analysis with EDX (Figure 6(b))
that indicated the presence of Al and Pb ions after adsorption, which may imply that this bioadsorbent
is effective in removing metal ions in aqueous solutions. The SEM results of MEC after adsorption
(MEC-AD) (Figure 6(d)) did not show significant visual changes after the adsorptive process. However,
the composition analysis with EDX (Figure 6(¢)) showed the presence of Zn (II) and Al (III) metals on
the nano-adsorbent surface, indicating the potential of this material. The other metals in the solution
were not observed, possibly due to the limitation and low sensitivity of the equipment in the analysis of
metal traces [38]. The FTIR data of the BPF-AD sample, compared to the BPF-AC sample, (Figure 6(c)),
showed attenuation in the intensity of the 1098 cm™ band, an increase in the intensity of the 1239 cm™!
band, and a small displacement in the 1442 cm™ and 1634 cm™' spectra, suggesting the incorporation
of metal ions by adsorption and consequently the formation of the metal-adsorbent complex with the
functional groups available in BPF [23]. Likewise, FTIR data from the MEC-AD sample, compared to
MEC (Figure 6(f)), showed a significant attenuation of the intensities of 1073 and 1635 cm™' spectra,
suggesting the adsorption of metal ions and formation of the metal/adsorbent complex with the functional
groups available in chitosan. The 545 cm™ spectrum intrinsic to magnetite was attenuated and still
experienced a small displacement of 13 cm™!, which shows that the Fe-O and Fe-O-Fe magnetite bonds
were distorted after metal ion adsorption.

Finally, gathering the best parameters of adsorption studies for each adsorbent allowed evaluating the
potential and percentage of removal of each metal ion in the PMS with concentrations higher than those allowed
in the Brazilian legislation.

Figure 7 presents the results of experiments to remove metal ions with BPF and MEC adsorbents in
PMS. The removal of Al (1II), Ba (II), Pb (II), Cu (II), Cr (III), Fe (II), Mn (II), and Zn (II) ions by MEC
showed higher efficiency than BPF, being higher in the following percentages: 53.6, 31.9, 3.4, 50.0, 37.2,
33.5, 82.7, and 53.1%, respectively. However, the BPF bioadsorbent was efficient and promising because
removal percentages between 43.9 and 96.6% suggest that the modified banana peel can remove metal ions
from effluent samples. As an exception, the removal of the Mn metal did not reach high percentages in the
conditions studied — only 5.3% —, which may be attributed to the affinity factors between Mn ions and the
adsorption sites of the bioadsorbent. This indicates that the pH of 6 and the presence of other metal ions in
the medium (Figure 3) determined the decrease in adsorptive capacity of BPF for the Mn ion. Other studies
indicate that a bioadsorbent removing the Mn ion is favorable, with percentages higher than 60% for the
same pH value but in monoelemental conditions [33, 39]. However, a higher affinity of Mn and Cr ions for
MEC could be measured even in the presence of other metal ions, suggesting the formation of species in the
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Figure 6: Characterization of BPF and MEC adsorbents after adsorption. (a) SEM analysis of BPF after adsorption
(BPF-AD); (b) EDX from BPF-AD; (c) Spectra in the infrared region of BPF-AC and BPF-AD; (d) SEM analysis of
MEC-AD; (e) EDX from MEC-AD; (f) Spectra in the infrared region of MEC and MEC-AD.

solution that are more compatible with magnetite (Fe,O,) and/or the abundant amino groups in chitosan in the
modified nano-adsorbent [40—43].

It is worth mentioning that both adsorbents were promising in complying with the Brazilian legis-
lation recommended by the CONAMA, considering that the removal of metal ions by both adsorbents in

aqueous solutions above the limits, in the conditions studied, was satisfactory, except for the removal of Mn
by BPF.
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Figure 7: Adsorption results using the best parameters of heavy metal ion remediation studies in the prepared metal solution.
*Represents the percentage of removal of each metal after adsorption.

5. CONCLUSIONS

The results obtained in this study allow concluding that BPF and MEC adsorbents are promising for reme-
diating heavy metal ions in an aqueous medium. The application of pretreatment methods to BPF and the
encapsulation of magnetite by chitosan were adequate and essential for metal ion adsorption. The charac-
terizations by SEM, EDX, and FTIR allowed understanding the improvements in the adsorptive capacity
of both adsorbents. The FTIR method confirmed the existence of functional groups in both adsorbents that
are responsible for the adsorptive interaction with metal ions in aqueous solutions, such as hydroxyls and
amino groups. Adsorption studies helped determine the best adsorptive parameters for the bioadsorbent and
nano-adsorbent. The most adequate pH range was between 6 and 8, the mass of adsorbents with the best
efficiency was 25 mg, and the contact time was 10 minutes, which may suggest that the interaction between
adsorbents and metal ions occurs by physical adsorption, as the process was fast. The parameters obtained
with the application of the kinetic models to both adsorbents showed that the pseudo-second-order model
was better adjusted. Concomitantly, the SEM, EDX, and FTIR analyses confirmed the adsorptive capacity of
both adsorbents in metal ion solutions. Subsequently, gathering the best parameters of the adsorption study
allowed concluding that both adsorbents are highly capable of removing metal ions in aqueous solutions and
contribute as alternative materials to comply with the Brazilian legislation regarding the reduction of heavy
metal ions in effluents. However, MEC was more efficient than BPF in the simultaneous removal of metal
ions in PMS. Thus, the removal of metal ions by MEC can be classified in the order of higher efficiency:
Al=Fe=Pb=Cu=Cr>Zn>Mn>Ba, in the percentages of 100, 100, 100, 100, 100, 98, 88, and 76%, respectively.
BPF was removed in the following order: Pb>Fe>Cr>Cu>AI>Zn>Ba>Mn, in the percentages of 97, 67, 63,
50, 46, 45, 44, and 5%, respectively. The affinity between adsorbents with some metal ions is due to the char-

acteristics of the adsorbent surface and the number of chemical species available in the solution according to
the pH value of the medium.

Finally, due to the interest in acquiring alternative and economically viable materials with the potential
for treating effluents containing various heavy metal ions, the BPF and MEC adsorbents were effective due to
their high ability to simultaneously remove several ionized metal pollutants in proper conditions.
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