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Abstract This study aims to remove zinc by using
banana peel from an aqueous medium. The peel was a
lignocellulosic adsorbent and characterized by FTIR
spectra, SEM-EDS images, and elemental analysis.
The effect of contact time, pH, and adsorbent dos-
age on the sequestration of zinc was observed. The
sorption process of zinc was well described with the
pseudo—second-order kinetic and Langmuir isotherm
model. The rate-limiting step to the adsorption pro-
cess was determined by applying the intra-particle
diffusion model. The removal mechanism is that ion
exchange, electrostatic interaction, complex forma-
tion, physical adsorption, and precipitation carried
out in cooperation with the banana peel functional
groups and zinc ion in many ways. FTIR analysis
demonstrates that the surface carboxylic/hydroxyl
functional groups of banana peel play a key role in
the adsorption of zinc ions. The results showed that
banana peel, a locally available fruit residual, is an
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efficient and eco-friendly adsorbent to reduce Zn>*.
The usage of banana peel as an adsorbent for the
sequestering of zinc from water ensures both the tech-
nical advantage and cost-effectiveness of the sustain-
able environmental management concept and zero
waste strategy. Furthermore, the value-added prod-
ucts containing organic compounds and zinc can be
used efficiently as a soil conditioner.

Keywords Zinc - Lignocellulosic adsorbent - Soil
conditioner - Removal mechanism - Zero waste
strategy

1 Introduction

Zinc is a transition metal, produced 10.5 Mt in all
the world in 2020, and mostly used in pesticides and
chemical fertilizer in agriculture activity and in medi-
cine, mining, smelting, battery producing, paints, and
pigments in the industrial sector because of its having
strong binding capability (Li et al., 2021a, Li et al.,
2021b). The excessive production and usage of zinc
cause the eco-toxicological risk when discharging to
nature without applying any purification process (Xu
et al., 2017). Zinc and its compounds can accumulate
into the food chain and aquatics, resulting in toxic liv-
ing things. Zinc exposure beyond the allowable lev-
els brings about many health problems, lung, bladder,
breast, respiratory systems cancer, immune systems,
gastrointestinal ~distress, and neurological signs
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(Jagaba et al., 2020). Therefore, the World Health
Organization (WHO) listed the permissible level of
5.0 mg/L in drinking water.

On the other hand, zinc is an essential micronutri-
ent and cofactor that supports the body and immune
system, and biological processes need zinc especially
for cell growth (Lonergan & Skaar, 2019). The avail-
ability of zinc in the soil prevents loss of yields and
retarded growth. The complex structure form makes it
difficult to uptake nutrients from the plants. However,
these complexes can be converted into simple forms
by the number of soil microorganisms. The availabil-
ity of organics in soil supports nutrient ability and
mobility, soil humidity, and microorganism activity.
It is critical to increasing the organic compound in
soil due to increased water holding capacity, micro-
organism activity, nutrients, and mineral availability
(Dimkpa et al., 2020).

Wastewater including zinc has to be applied to
some treatment processes to reduce the metal con-
centrations in discharge criteria before giving off the
receiving body. One of the most used treatment meth-
ods for the removal of zinc is adsorption. The process
provides high efficiency, flexibility, ease in operation,
and cost-effectiveness compared to other conven-
tional methods (Saeed et al., 2021). Fruit residuals
are considered wastes and used to remove heavy met-
als from an aqueous solution such as potato, orange,
grapefruit, banana peels, seed shells, tea leaf, agricul-
tural by-product, and coffee husks (Baloo et al., 2021;
Costa et al., 2021) due to its cost and readily available
adsorbents.

The use of the fruit residuals as end-products
reduces its disposal cost and protects the environ-
ment. Recycling and reusing fruit and vegetable
residuals is an important strategy in the economy to
protect natural resources and effectively use recy-
clable materials (Sanka et al., 2020). Banana is a
mostly consumed fruit with a global production of
116 million tons in 2019 (FAO, 2020). The banana
fruit comprises bioactive compounds, phenolic con-
stituents, carotenoids, vitamins, and dietary fiber.
The weight of banana peel is ranging 40-30% out of
the total fruit weight; however, it is usually treated
as a waste product with disposed at dumping side,
burning, and composting, resulting in producing
green gases emission such as methane and carbon
dioxide (Sial et al., 2019). Approximately 35 mil-
lion tons of banana peel are produced in the food
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industry, and humans consume it on yearly bases
worldwide. The peels are composed of organic mat-
ter such as holocellulose and lignin, and minerals
such as potassium, calcium, sodium, iron, and man-
ganese (Liew et al., 2017). Banana peel contains a
large amount of potassium, important to enhance
optimal plant growth, and acts as an activator of
protein synthesis, sugar transport, N and C metabo-
lism, and photosynthesis. It also affects yield forma-
tion, improves crop quality, and is critical for cell
growth (Oosterhuis et al., 2014). Potassium plays a
critical role in regulating cell osmotic pressure and
balancing the cations and anions in the cytoplasm
due to strong mobility in plants (Hu et al., 2016).
These peels can be used in various food applications
and sorption processes as an adsorbent. However,
no one considered a comprehensive environmental
protection approach for both metal reduction and
use of the final product. The end-product includes
valuable organics and metals. Therefore, it is nec-
essary to describe the potential usage of the value-
added products for a sustainable environmental pro-
tection approach. The usage of this by-product as a
value-added product is a benefit for the long-term
sustainability of the banana industry.

The treatment of zinc from wastewater prior to giv-
ing the environment is crucial for the protection and
safety of the ecosystem. Similarly, the recovery of the
organic material and waste minimization is one of the
advantages of using fruit residuals as an adsorbent in
the treatment process (Jagaba et al., 2021). The chemi-
cal fertilizer is used highly in the farming activity that
brings about deterioration of soil hypoxia, alkalin-
ity, microbial, and water balances. The limited fertile
land and water sources are needed to develop organic
amendments for sustainable agricultural develop-
ment and protect the environment (Sauer, 2018). The
improvement of physicochemical properties, chemical
composition, and nutrient contents in the soil is sup-
plied by applying organic soil amendments. Soil con-
ditioners contain organic materials to release nutrients
and hold water in soils and have positive effects on the
soil’s biological, physical, or chemical nature. Another
usage area of the soil conditioner is as a plant growth
medium. There is a growing interest in compostable
materials used in farming areas and materials made
from natural replenishable resources due to ecological
concerns (Wang et al., 2020). When zinc wastes are
removed by banana peels and recovered properly, they
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can be utilized for organic soil conditioners and plant
growth mediums.

Previous researches focused on fruit residuals’
adsorption capacity and zinc removal efficiency
rather than removal mechanism and beneficial usage
of the final products. For that reason, the present
study aims to evaluate the removal mechanism of zinc
and adsorption capacity and the beneficial use of end-
product as soil amendments. The possible removal
mechanism of the banana peel was defined with the
help of sorbent compounds, FTIR spectra, and SEM
images. The use of end-product obtained in the treat-
ment process was evaluated from the perspective of
zero waste strategy.

2 Materials and Methods
2.1 Materials and Reagents

The banana peel was collected from Aksaray Uni-
versity central eating hall, and then the white part
of the inside was carefully removed until the yellow
outer skin remains. The yellow skin was dried out
in the oven (Memmert UN750, Germany) at 105 °C
for more than 24 h. The dried skin was cleaned with
deionized water, obtained a Direct-Q® 3, 5, 8 Labo-
ratory Water Purification Systems, Merck KGaA,
Darmstadt, Millipore, Sigma system, until the water
turned clear. After the peel cleaning and dried again,
turned into the flour with a blender and sieved

Fig. 1 Three adsorbent
FTIR spectra and functional
groups
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through No.5 size meshes and protected for further
use.

The zinc form of ZnCl, having 96% purity and
the analytical grade was supplied from Merck KGaA
Chemistry, Turkey. The solution (stock 1000 mg/L)
was prepared using exactly 2.09 g ZnCl, dissolved
into 1000 mL pure water, and the desired concentra-
tion of Zn was diluted for further study. The solution
pH, measured with a pH 510 Eutec pH meter, was
adjusted to 6.0 using 0.1 mol L~' HCI or 0.1 mol
L~! NH,OH. All other reagents were supplied from
Sigma-Aldrich Chemie Germany in this study.

2.2 Analytical Methods

After the pre-fixed contact time, Zn** concentra-
tion was carried out by using Thermo Scientific
X-SERIES 2 model ICP-MS, and FTIR spectra were
recorded using a Thermo Scientific-Nicolet IS20 with
a spectral resolution of 4 cm™! was used to define the
active groups on the surface of the peel (see Fig. 1).
A Hitachi-SU 1510 scanning electron microscopy
was used for morphological observations of the peel
sample (see Fig. 2). Origin 9.0 program (Origin Lab,
USA) was used for all of the figures. The precision
of the experimental data for kinetic and equilibrium
studies was carried out in duplicate with a mean + SD.

2.3 Batch Studies

The batch studies performed a 1.0 g banana peel
dosage in a 100 mL glass conical flask under the
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Fig. 2 SEM-EDS images of biosorbent fresh and after adsorption

initial Zn>* concentration of 100 mg/L at room tem-
perature. The flask was shaken by a ZHICHENG
analytical model thermal shaker at 150 rpm for
45 min. The Zn?* ion reduced amount (qe) was cal-
culated by using the equations given below:

V(C -C,)

ge = T (1)

ge is the amount of zinc captured from a solution
(mg/g), C; and C, are the initial and final concentra-
tions (mg/L), V is the volume (L), and W is the mass
of peel (g). The studies were done in duplicate to
provide reproducibility, reliability, and precision of
the data.

2.4 Kinetic Studies

To evaluate the adsorption process and mechanism
of Zn**, the Elovich, the Lagergren pseudo—first-
order and second-order model (Ho & McKay, 2003),
and the intra-particle model (Weber & Morris,
1963) were applied. The models’ linear forms are
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demonstrated in Table 1. Also, the intra-particle dif-
fusion was thought to express the sorption step of
Zn** jons by adsorbents in the process.

2.5 Equilibrium Studies

To optimize the design and understand the interac-
tion for the sorption system, it is crucial to set the most
proper correlation for equilibrium (Parab & Sudersanan,
2010). Several adsorption isotherms have been aped for
adsorption data: Langmuir (Langmuir, 1918), Freundlich
(Freundlich, 1906), and D-R (Dubinin & Radushkevich,
1947). The equations of these isotherm models are seen
in Table 1.

2.6 Adsorption Isotherm Validity

The error analysis methods, the sum of absolute errors,
Marquardt’s percent standard deviation, and the nor-
malized standard deviation were applied to the experi-
ment data’s validity to determine the best fitting iso-
therms equation except for coefficient constant (R?).
The linearized form of equations is given in Table 1.
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Table 1 Isotherm and kinetic parameters for the adsorption of Zn**

Isotherms Parameter Coeff. Kinetic Parameter Coeff.
. Ke 119.93 Pseudo-first order e 10.06
Freundlich Un 0.9095 kip 0.088
2 ’ In(q. — q¢) = Inq. — kst R? 0.9284
R 0.993
1 MPSD 25.96
logq, = logKy +—logC, ~ MPSD 4985 100 oy |aEPqg® NSD 72.48
n NSD 38.61 ARE = 2zt [T 5@ | ARE 87.048
ARE 33.73 ' '
Langmiur
Pseudo-second order Qme 14.77
Type(D) qm 322.58 Kap 0.0021
KL 0.008 t 1 t R? 0.9643
C_ 1 G RL 0.539 aT e MPSD 13.39
qe qmaxKL Omax R2 0.3984 t e € NSD 69.064
MPSD 73.39 - - ARE 78.28
poo 1 NSD 56.84 . 1o/ —qety’
L=TYGK, ARE 49.91 MPSD =100 GZ(T)
| i
ky 9.3925
qm 92.59 Intra-particle Diffusion R? 0.6562
Tl KL 0.033 MPSD 894.0
ype(I) E} 0.22§ 4= k,VT +C NSD 774.23
0.99 ARE 701.85
l _ 1 + 1 MPSD 67.78 ———
Qe 9maxKiCe q NSD 52.50 o 1 [q g ]
e max e max ARE 43.00 NSD =100 ﬁz q?.kp
\ i=1 N 1
qm 26.16
B 0.0103
Dubinin—Radushkevich € 6.967
R? 0.6345
Ing, = Inq,,, — B €2 MPSD 399.62
NSD 309.55
ARE 227.23

3 Result and Discussion
3.1 Characterization of Adsorbents

Banana peel is composed of mostly lignin, cellulose,
hemicellulose, and minerals due to organic residuals.
The chemical composition of the peel is as follows:
21.40% hemicellulose 18.06% cellulose, 16.45%
lignin, 1.4% crude protein, 10.56% cured fiber, 4.5%
ash.

The adsorption mechanism can be explained to
understand and determine the surface active sites
and groups. The FTIR spectra of the biosorbent were
scanned in the range of 450-4000 cm™', and the
result is illustrated in Fig. 1. The adsorbent peaks on
the spectra showed the complexity of the sorbents. As
seen in Fig. 1, the peak at 3293 cm™!, the largest band,
indicates many hydroxyl groups (-OH) and carboxyl

groups (C-H) resulting from lignin, cellulose, and
hemicellulose on a banana peel. The bands near 2917
and 2849 cm™! are the stretching vibrations of N-H
in aliphatic structures and C-H in alkanes, aldehydes,
and a carboxylic acid. The band near 1734 cm™" is the
stretching vibration of C=0 in aldehydes. The peak
of 1594 cm™! is stretching C-O and C=C, resulting
from ester, carbonyl, and carboxyl groups. The peaks
between 1500 and 500 cm™! are called the finger-
print region, representing a complex set of absorp-
tions unique to each compound in the spectrum. It is
described with the help of references instead of inter-
preting the peaks visually. As can be seen in Fig. 1,
lignocellulosic adsorbent illustrated different peaks
around 1374, 1027, and 581 cm™'. These bands can
generally be linked with the stretching vibrations of
aromatic ester, amine, ester, and alkene groups, and
-NO,, -CH;, CH,, -CH, and C=0 functional groups

@ Springer
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were detected at these peaks. It can be concluded that
these functional groups were mainly involved in the
adsorption process considering the FTIR analysis.

The SEM-EDS image of the adsorbent is depicted
in Fig. 2. As can be seen from the SEM images, a
lignocellulosic form of the peel consists of many het-
erogeneous pore structures, allowing for adsorbing
of zinc ions easily. The EDS analysis was also car-
ried out to observe the elemental distribution of the
biosorbent. The EDS results highlighted the C and O
values in the peel were high (Fig. 2). Furthermore,
the active sides, large surface, and dispersed porous
on the peel make it possible to bind zinc ions.

3.2 The Contact Time, pH, and Adsorbent Dosage
Effect

3.2.1 Contact Time

The contact time for reducing Zn** with banana peel is
illustrated in Fig. 3. As shown in Fig. 3a, the sorption
between lignocellulose and Zn** increased sharply in
the first 10 min of contact time. The maximum removal
happened within the 20 min contact time and then
slightly changed, and equilibrium was reached in about
30 min. The removal rate was fast at the first 30 min,
achieving 77% efficiency, and then no significant
change in efficiency was observed because the process
reached saturation (see Fig. 3). It can be explained the
fact that there are more active sites on the peel at the
beginning, resulting in rapid binding of zinc ions on
the adsorbent and then followed by a decrease in the
zinc removal rate with a decrease in the active site.

3.2.2 The pH Effect

The pH of the solution is important due to effecting
zinc ionization ability and adsorbent surface charac-
teristics (Y. Liu et al., 2019). The effects of pH on the
reduction of Zn>* were carried out. The results are
demonstrated in Fig. 3. The reduction efficiency of
Zn*" increased with increasing pH value from 3.0 to
6.0. However, the removal rate remained stable, with
pH values increasing until 10.0.

Divalent zinc ion in aqueous solution can be
found at pH varying 1.0 to 6.0 considering The
Atlas of Eh- pH Diagrams (“The Atlas of Eh- pH
Diagrams” n.d.). Furthermore, a negative surface
charge on the peel happened with high pH values.
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Fig. 3 Effect of contact time, pH, and adsorbent dosage on
removal of zinc

The lover pH reduces the electrostatic repulsive
force (Liu et al., 2019). The neutral pH was desir-
able for the absorption of Zn** due to high HT
ions, occupation of the existing bonding site of
peel, and obstructed Zn** adsorption on the peel.
In other words, moreover, the HO™ is dominant
bigger than that of pH value 6.0 and dual compe-
tition occurred for the active sites between anions
and metals, concluded in a low reducing rate. The
maximum removal rate was obtained at pH 6.0. It is
most likely that the positively charged active groups
on adsorbent repulse to Zn2* ions. Furthermore,
the chelation and the formation of metal hydroxide
occur with increasing pH, enhancing the removal
of zinc. These results are in line with the previous
research (Depci et al., 2012) which informed that
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maximum removal of zinc by using apple pulp and
barley straw was achieved pH values 6.0 and 5.0,
respectively.

3.2.3 Adsorbent Dosage

Figure 3 illustrates the adsorbent dose effect on zinc
removal efficiency. The peel dose was increased from
0.25 g to 8.0 g at fixed pH and room temperature
to determine the specification of a sorbent capac-
ity. The removal rate of Zn>" increased significantly
from 62 to 82% due to the number of functional
groups increase with increase sorbent dose, resulted
in zinc reduction efficiency. The peel dose increases
from 0.25 to 1.0 g, which increases the removal effi-
ciency, and then goes on steadily. It can be explained
by the fact that adsorbent saturation after sufficient
ions are captured, and therefore the peel cannot fur-
ther uptake Zn>* (Liu et al., 2019). The maximum
Zn* removal efficiency was 82%, and the optimum
biosorbent amount of 1.0 g was used to obtain that of
the percentage. In the batch adsorption experiments,
the amount of adsorbent 1.0 g was chosen in terms
of maximum removal efficiency. Previous researchers
pointed out that the adsorbent dose, pH, and contact
time significantly impact the removal efficiency.

3.3 Adsorption Isotherms and Kinetics

The equilibrium isotherm is applied to describe the
sorbate and adsorbent interaction, and also the adsorp-
tion process is defined with the help of kinetic mod-
els. As commonly used isotherm models, Freundlich
(Freundlich, 1906), Langmuir (Langmuir, 1918), and
Dubinin-Radushkevich (Dubinin & Radushkevich,
1947) were applied the batch experiment data. Further-
more, the Lagergren pseudo—first-order (Lagergren,
1898) and the pseudo-second-order models (Ho &
McKay, 1999) and the intra-particle diffusion model
(Weber & Morris, 1963) were also applied to analyze
the adsorption process, diffusion rate, and removal
mechanism of Zn?*. Isotherm and kinetic linearized
form of equations, parameters, and correlation coeffi-
cients is given in Table 1.

3.3.1 Adsorption Isotherm

The Langmuir adsorption model is generally
applied to describe the monolayer adsorption on the

homogenous surfaces, which imply one active site is
occupied by only one binding ion. The Langmuir con-
stant (RL) gives information about the affinity of the
sorbent for the binding ions. The constant is valued
RL>1,RL=1, and 0<RL < 1; if RL=0, the adsorp-
tion is undesirable, linear, desirable, and irreversible,
respectively (Langmuir, 1918). The value of RL for
the peel was 0.2289 which confirms the adsorption
was desirable.

Contrary to the Langmuir model, the Freundlich
model refers to heterogeneous adsorption having dif-
ferent energies of sorption, and there is no limit to
the formation of monolayer (Freundlich, 1906). The
Freundlich isotherm constant (1/n) is related to sorp-
tion intensity and the heterogeneity of the sorption
process. The constant is valued as follows: 1/n=0 is
irreversible process, 0<1/n<1 is favorable adsorp-
tion, and 1/n>1 unfavorable or cooperative adsorp-
tion. This model highlighted that active sites decrease
as the ion binding increases, so the stronger binding
sites are firstly used (Fernandez-Lopez et al., 2019).
The Freundlich isotherm constant was 0.9095, refer-
ring to the favorable adsorption process and the
removal of zinc that occurred on the heterogeneous
surfaces by multi-layer adsorption.

The comparison of the experimental values and the
predicted amount of equilibrium for banana peel is
illustrated in Fig. 4. The calculated value of Langmuir
isotherm is close to the experimental data, and the
values of ARE, NSD, and MPSD error analysis are
well fit to Langmuir isotherm which provides a better
fit for the reduction of Zn>*(see Table 1).

The Dubinin-Radushkevich isotherm is used to
define the adsorption mechanism and nature using

<
A
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Langmiur

°
o

& Temkin
X DR

experiment
—— Dogrusal (experiment)

] 10 20 30 40 50 60 70 80
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Fig. 4 The predicted amount of adsorption at equilibrium and
the experimental values
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a Gaussian energy distribution onto a heterogene-
ous surface. The effect of the porous structure can
be described by the D-R equation model. The D-R
isotherm average free energy (E) ranges from 1 to 8
kJmol™!, and 9 to 16 kJ/mol indicates for physical
and chemical sorption, respectively (Saltali et al.,
2007). The (E) value was calculated as follows: 6.96
kJmol~!. The result indicated that physical adsorp-
tion took place for the reduction of zinc ions from an
aqueous solution. However, the correlation coefficient
(R?) demonstrated that D-R model application for the
banana peel in this study is limited (see Table 1).

3.3.2 Kinetic Study

Heterogeneity of organic adsorbent surface makes
complex the metal removal from an aqueous solu-
tion. The adsorption rate was the leading solid—liquid
interface and affected by retention time (Kayranli,
2011). The pseudo—first-order model is applied to
describe the equilibrium between the liquid and solid
phase or the reversible reactions. On the other hand,
the pseudo—second-order model defines the concen-
tration of one second or two primary reactants (Ho
& McKay, 1999). The pseudo—second-order model
can more favorably define the zinc removal with the
higher correlation coefficient (R?>0.96), and the
adsorption capacity value is also more close to the
experimental result (Table 1). Researchers (Lee &
Choi, 2018) informed that pseudo—second order is
more applicable than pseudo—first order to analyze
the sorption rate of most sorbents. The present find-
ings comply with previous studies.

It is known a close link between the active sides
and metal complexation in the adsorbent process. As
seen in Fig. 5, the intra-particle diffusion plot was
not linear. The plot can be divided into three linear
regions, demonstrating adsorption was governed
by more than one mechanism, external/film diffu-
sion, internal particle diffusion, and both film and
intra-particle diffusions. The internal particle diffu-
sion rate constant was 9.39 mg/g/ min'%. The result
demonstrated that the intra-particle diffusion and
other mechanisms governed the zinc removal pro-
cess considering the multi-linearity of the plots and
boundary layer thickness. Furthermore, intra-particle
diffusion and surface adsorption co-occurred. Ho and
McKay (2003) highlighted that the rate-limiting step
in the adsorption process could be chemical reaction
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Fig. 5 Intra-particle diffusion curve

mechanisms like sharing or exchanging the electrons
between adsorbents.

4 Possible Zinc Sorption Mechanisms

Fruit residuals are used as low-priced and eco-
friendly biosorbents to reduce metals from an aque-
ous solution. Previous researchers studied metal ion
reduction with the adsorption process; however, there
is no detailed explanation of the interaction mecha-
nisms due to the complex chemical composition and
multiple mechanisms. The metal adsorption behavior
depends on the pH solution, chemistry of metal, and
binding characteristics of lignocellulose. Further-
more, interaction mechanisms are extensively related
to chemical structure, surface area, and active groups
(-COOH, -OH, —CH;, -NO,, —-CH,, —-CH, C-H, C-O,
C-N) of the used sorbents. The main removal mecha-
nisms are ion exchange, metal complexation, physi-
cal/chemical adsorption, chelation, chemical/surface
precipitation, and intra-particle diffusion (Kaur et al.,
2020; Trakal et al., 2016). However, the reduction
mechanism of zinc in the sorption process consists of
complex and challenging to understand steps.

As can be explained in Sect. 3.1, banana peel
is composed of very rich chemical compositions
such as lignin, cellulose, and hemicellulose. Also,
other components are lipids, proteins, simple sug-
ars, and ash, having a different ratio. The used sorb-
ent includes more functional groups on the surface
governing the adsorption process. The interaction
mechanism’s specific role depends on functional
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groups of biosorbent, metal ionizations, and aque-
ous environments (Lv et al., 2018).

pH is the critical parameter in an adsorption pro-
cess because of its effect on the metal ion ioniza-
tion degree and solubility, and the active groups of
the sorbents. The adsorption rate of many cationic
metal ions is very high at a pH value of 5.0-6.0.
The physical adsorption is generated by functional
groups, heterogeneity, and polarity of adsorbent via
electrostatic attraction and ion—dipole forces (Yang
et al., 2019). The hydroxyl groups derived from cel-
lulose and hemicellulose play a role in the binding
of zinc ions. Similarly, the carboxyl groups form
of -COO™ under a particular pH provide reduc-
ing the cationic metal efficiently (Ali et al., 2016).
Many polar groups on the sorbent, which a certain
amount of zinc ions can occupy to form an electric
double layer, resulted in zeta potential. Positively
charged ions were captured easily through the peel’s
increase of negative surface charge (Ni et al., 2019).

The electrostatic interaction is generated with
the help of divalent metals and negatively charged
functional groups on the sorbent. The lignocellu-
losic sorbent is represented by B, and the protona-
tion equilibria for the amino group, -NO,, and the
hydroxyl of C-6, —OH, is as follows;

B -0 -NO, +H" - HO - B - NO,

H_ B+H-B

B — HO — NO, + H* - 0 - S = NO,*H,0
B +H — HS

where H ;S is the completely deprotonated unit,
the dimeric shell unit with C-6 hydroxyl group pro-
tonated, and HS the protonated sites.

The other main zinc removal process is ion
exchange, taking place with the availability of
carboxyl and hydroxyl functional groups which
include oxygen. The functional group chemis-
try and metal ion size affect the process efficiency
(Yang et al., 2019). Specifically, an acidic func-
tional group plays a critical role in the removal
of heavy metals by organic adsorbents. The zinc
removal rate increased at pH 6.0 due to a negative
adsorption surface increase. NH,OH was used for
the pH adjustments, resulting in hydroxide form-
ing the Zn(HO), salt. The removal efficiency was
affected by pH, concluding one of the adsorption
mechanisms is cation exchange (Ali et al., 2016).

Hu et al. (2017) informed that metal hydroxide form
is generated in solution at neutral pH or alkaline
conditions, and metal hydroxyl salt precipitates out
in aqueous. In the present study, the pH buffering
agent was NH,OH that provides the formation of
the metal carboxylate with the exchange of divalent
metal with the proton in the carboxyl groups. The
ion exchange process is given below equations:

RCOOH + NH,OH — RCOONH, + H,0,
2RCOOHNH, + ZnCl, - 2RCOOZn + NH,CI
B—OH+Zn** > B-0-2Zn" +2H*

B —NO, + Zn** - B —NO - Zn* + H,0"

B — COOH + Zn** -» B — COO — Zn* + 2H"

The salt reaction is mostly as follows;

B — OH + Zn(OH), — B — O — ZnOH + H,0
B — NO, + Zn(OH), » B — NO — ZnOH

Surface complexations are also important to pro-
cess in sorption taking place with multi-atom struc-
tures and metal-functional group interaction. The
active group (carboxyl/carbonyl) binds zinc, resulting
in a complexation (Peng et al., 2017). Ali et al. (2016)
highlighted that chemical adsorption may be the
rate-controlling step due to forming chemical bonds
with exchange or sharing electrons between sorbent
and sorbate in process. The following equations can
define the formation of complex species;

B + Zn** — BZn?*
7Zn*" + B + H - BHZn**
Zn** + B + OH - Zn’*BOH

Fernandez-Lopez et al. (2019) highlighted that
sorption kinetic models help to define the chemical/
physical reaction, and diffusion, the proper reaction
rate. Furthermore, Ho and McKay (2003) informed
that chemisorption could be the rate-limiting step
through the adsorption process because elec-
trons exchange or share between sorbent and sorb-
ate occurred. The pseudo—second-order equation
described well for the zinc capturing with banana
peel considering both validity and correlation coeffi-
cients (see Table 1). It can be concluded that the sorp-
tion process is the adsorption-complex interactions
through electron exchange or sharing.

The intra-particle diffusion model provided valu-
able information related to zinc ion diffusion to the
adsorbent due to the porous structure of the shells. As
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seen in Fig. 5, the intra-particle plot can be catego-
rized into three linear regions; the first plot refers to
the external surface and the fastest due to the exist-
ence of more binding sites, the second is the intra-
particle diffusion and the gradual adsorption stage,
and the final is the lowest and represents the intra-par-
ticle or both film and intra-particle diffusions because
low zinc ions remained in solution. These finding also
shows that sorption was governed by more than one
mechanism, external/film diffusion, internal particle
diffusion, and both film and intra-particle diffusions.

SEM-EDS image helps to explain the adsorption
interaction between Zn>* ions and bioadsorbent (in
Fig. 2). As shown in Fig. 2, the lignocellulosic adsor-
bent has layered structures, and the C and O values
at the peel are high. The peel comprises rough sur-
faces and a significant number of heterogeneous
porous layers, enabling the sorbent to capture zinc
ions effectively. After sorption, these layers and rough
surfaces were occupied with zinc ions, which resulted
in flatting. Sphere structures have been formed on the
surface layer due to zinc ions’ bond to the surface.
Similarly, FTIR spectra of the biosorbent showed that
functional groups of hydroxyl and carbonyl/carboxyl
play important roles in the adsorption of zinc, and
the adsorption increases over time. Furthermore, this
adsorption resulted in changing the peaks and trans-
mittances (see Fig. 1 and Table 2).

As seen in Fig. 1, the peak at 3293 cm™! is a
large band, and the number of hydroxyl and car-
boxyl groups shifted finally 3341 cm™! upon Zn**

adsorption. The spectra analysis of the biosorb-
ent during the reducing process demonstrated the
peak transmittance changed from 45.0 to 35.0.0%
(2971 cm™!) for aliphatic structures and alkanes;
2849 cm™! assigned for ester, carboxyl groups, and
alkene (C-H) transmittance decrease from 54.0
to 47.0%; 1734 cm™! assigned for C=0 aldehyde
transmittance altered from 78.0 to 69.0%. Similarly,
the carboxyl/carbonyl group and ester band shifted
from 1594 to 1607 cm™ end of the process. These
findings imply that there is interaction between the
hydroxyl/carboxyl groups and Zn** ions. The peak
between 1500 and 500 cm™! is called fingerprint
regions, and the absorption bands in this region, on
the other hand, cause the entire molecule to vibrate
rather than individual functional groups. The peak
1442 cm™' came out after the sorption process,
referring to the alkene. The band at 1374 cm™! indi-
cates -NO,, -CHj;, -CH,, -CH groups produced from
lignin, cellulose, hemicellulose, and the transmit-
tance decreased 3.0%. The peak near 1315, 1242,
and 886 cm™! is the stretching vibration of aro-
matic ester (C-O), amine (C-N), and alkanes (C=C,
C-H), observed after the sorption process, respec-
tively. The other peak change was seen 1027, and
581 cm™! represents ester and carboxyl groups.

As seen in Table 1 and Fig. 1, the transmittance
and peak shifts informed that the active sites on the
absorbent, O-H, C-C, C-N, C=0, C=C, N-H, NO,,
-CH;,—CH,, and -CH functional group mainly were
taken part in the adsorption process. These changes

Table 2 Banana peel func-

. Before adsorption  After adsorption Assignment

tional groups, IR peak, and

transmittance change in the IR Transmit- IR peak Transmittance%

process peak  tance %
3293 47.0 3341 52.0 O-H, C-H (hydroxyl, carboxyl acid groups)
2917 450 2917 35.0 N-H (aliphatic structures, alkane)
2849  54.0 2849 47.0 C-H (ester, carboxyl groups, alkene)
1734 78.0 1734 69.0 C=0 (Aldehyde)
1594  64.0 1607 64.0 C-O, C=C (ester, carbonyl, carboxyl groups)
- - 1442 68.0 C-H (Alkane)
1374  65.0 1374 62.0 -NO,, -CH;, -CH,, -CH groups
- - 1315 68.0 C-O (Aromatic ester)
- - 1242 70.0 C-N (Amine)
1027 485 1026 48.0 C=0 (ester, carboxyl groups)
- - 886 74.0 C=C, C-H (alkene)
581 72.0 557 70.0 C=0 (ester, carboxyl groups)
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could be explained by the complex interaction mecha-
nism of adsorbent and adsorbate. Furthermore, exper-
imental factors also affect the chemistry and physical
properties of biosorbent, and pH affects both sorbent
surface and zinc ionizations. Furthermore, experi-
mental factors also affect biosorbent chemistry, and
physical properties such as pH affect both sorbent
surface charge and zinc ionizations. The mechanism
of Zn?>* adsorption by banana peel can be likely that
the ions firstly bond sorbent with chemical interac-
tion, via the carboxyl-carbonyl groups on the biosorb-
ent surface, and then, multilayer adsorption as a film
covering the adsorbent surface occurred (Huang
et al.,, 2018). As seen in Fig. 6, different removal
mechanisms such as the electrostatic interaction,
ion exchange, electrostatic complexation, functional
groups, and co-precipitation/inner-sphere complexa-
tion occur for the sequestration of zinc.

5 Adsorption Capacity Comparison

A comparison of banana skin capacity with other
organic adsorbents was performed to determine the

Fig. 6 Possible adsorption
mechanisms of Zn*?

Lingocellulose

B-COOH + Zn** - B-COO-Zn* +2H*

B-NO, + Zn(OH),~> B-NO- ZnOH

Complexation

peel’s applicability for the Zn** removal process
(see Table 3). The availability of active sites affects
the metal-binding capacity of adsorbents. The differ-
ent experimental conditions and chemical and physi-
cal characteristics of the biosorbent make the direct
comparison difficult. However, the finding showed
that the Zn** adsorption capacity of banana peel is
higher than the recently used adsorbent reported in
Table 3. Liu et al. (2012) and Feizi and Jalali (2015)
informed that the Zn>* removal rate for water-
melon rind and the walnut shell is 6.845 mg/g and
33.3 mg/g. Similarly, Coruh et al. (2014) used an
activated almond shell to reduce zinc from aqueous
solution and reported a maximum adsorption capac-
ity of 5.54 mg/g. Furthermore, the previous research-
ers carried out zinc removal by using organic adsor-
bent and informed that adsorption capacity of pecan
shell is 17.21 mg/g (Segovia-Sandoval et al., 2018),
modified pecan shell 27.86 mg/g (Segovia-Sandoval
et al., 2018), spent coffee grounds 2.25 mg/g (Futalan
et al., 2019), and apple pulp 11.72 mg/g (Depci et al.,
2012). The maximum adsorption capacity of banana
skin was higher than that of spent coffee ground,
apple pulp, and almond shell. As seen in Table 3, the
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Table 3 Comparison studies of banana peel

Organic adsorbent Isotherm/kinetic models

Adsorption capacity
(mg/g)

References

Watermelon rind
Walnut shells

Pecan shells

Modified pecan shells
Spent coffee grounds
Activated almond shell
Apple pulp

Spent coffee grounds

Langmuir/pseudo-second order
Langmuir/pseudo-second order
Prausnitz-Radke/n/a
Prausnitz-Radke/n/a
Erlich/pusedo-second order
Freundlich/n/a
Langmuir/pseudo—second order
Langmuir/pseudo—second order

Banana peels Langmuir/pseudo—second order

6.845 (Liu et al., 2012)

333 (Feizi & Jalali, 2015)

17.21 (Segovia-Sandoval et al., 2018)
27.86 (Segovia-Sandoval et al., 2018)
5.25 (Futalan et al., 2019)

5.54 (Coruh et al., 2014)

11.72 (Depci et al., 2012)

19.4-22.3 (Chwastowski et al., 2020)
92.59 This study

peel can be used as a low-priced and efficient adsor-
bent for the adsorption of zinc ions.

6 The Usage of Zinc-Enriched Banana Peel
as a Soil Conditioner

Chemical fertilizers are used for the increased yield in
many years. The usage of the chemical fertilizer con-
tributes to the growth of plants, however, not helping
to improve the soil characteristic. On the other hand,
there is a growing interest in using bio-organic ferti-
lizer/conditioner instead of chemical fertilizers due to
high costs, contamination, and inappropriate applica-
tion causing soil quality degradation (Omoni et al.,
2020). The world trend is that while soil biodiversity
is protected, quality crops concerning sustainability
are produced. Organic fertilizers are cheap nutrient
sources and enhance crop production in low-input
agriculture.

Banana peel is mainly used to improve the soil phys-
icochemical and microbiological characteristics and
enhance plant productivity. Anastopoulos et al. (2019)
pointed out that the availability of banana peel in soil has
an important effect on the microbial community due to
the contents of organic compounds and minerals. Fur-
thermore, the peel supports the formation of a clay-humic
complex and decreases the permeability resulting in
increased water holding capacity of the soil. The banana
peel is composed of nutritious minerals, mostly potas-
sium (K), sodium (Na), calcium (Ca), and manganese
(Mn) (Lobo & Dorta, 2019). Banana peel, as an alter-
native potassium source, could be used as a potassium
fertilizer for plant productivity due to its high potassium

@ Springer

contents. Increasing soil alkalinity and changing the soil
anions capacity are beneficial for plants’ growth. Potas-
sium is also enhancing plant resistance to pests, diseases,
and abiotic stresses. It needs to activate more than 80
different enzymes responsible for plant and animal pro-
cesses such as starch synthesis, nitrate reduction, energy
metabolism, and photosynthesis (Islam et al., 2019).

Zinc is an essential micronutrient for most physi-
ological processes. The potential phytotoxicity at
leaf tissue occurs possibly lower than concentrations
above 0.2 mg/g dry matter (Tsonev & Lidon, 2012).
Phytotoxicity causes a decrease in yield and, photo-
synthetic performance as photochemical reactions,
carbonic anhydrase activity. The soil pH affects the
availability of major nutrients concentrations, the
microelements for plant uptake, and also total Zn
concentration and activity in soil solution. The high
pH reduces the total Zn concentration and activity.
Calcareous soil results in weak soil-plant productiv-
ity due to lack of nutrients, especially N, P, micro-
nutrients, and soil organic matter. Bio-organic con-
ditioners help to improve nutrient losses and enhance
plant growth in calcareous soil (Hafez et al., 2021).

The banana peel contains organic materials,
nutrients, and minerals, and then holding zinc with
functional groups makes it a valuable soil condi-
tioner/amendment. The composition and concentra-
tion of the plant growth media effects zinc uptake
by the plants depending on plant species. The
ideal soil pH for plant growth is between 6.0 and
8.0, called neutral soil. The end-product pH for the
adsorption process is 6.0. The end-product can also
be used for reducing the pH of the alkaline and high
alkaline soil (pH > 8).
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7 Conclusion

The lignocellulosic adsorbent was characterized
by FTIR spectra, SEM-EDS images, and elemen-
tal analysis. The effect of contact time, pH, and
adsorbent dosage on the sequestration of zinc was
observed. This research showed that banana peel
is an effective eco-friendly, low-cost adsorbent for
removing Zn>* from aqueous solutions. Langmuir
isotherm and the pseudo—second-order kinetic model
have well described the banana peel adsorption. The
peel adsorption capacity is 59.52 mg/g. The kinetic
experiment results demonstrated the rate-controlling
sorption for Zn>* only was not the intra-particle dif-
fusion. Active groups on the peel surface can incor-
porate zinc ions in many ways, electrostatic interac-
tion, physical adsorption, ion exchange, and surface
complexation. The by-product of this study can also
be used to reduce the soil pH, especially for alkaline
and high alkaline soil (pH > 8). Furthermore, the end-
product is composed of organic compounds with zinc
that can be used as a soil amendment for sustainable
agriculture, resulting in reducing the disposal cost of
the end-products for sustainable environmental man-
agement. Further research including soil conditioner
water holding capacity, microorganism activity, effect
on the plant growth, and release zinc to soil should be
studied.
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