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Abstract: Disposal of reactive dye contaminants in surface waters causes serious health risks to the
aquatic living bodies and populations adjacent to the polluted water sources. This study investigated
the applicability of banana peels to remediate water contamination with reactive dyes used in the
textile industry. A set of batch experiments was conducted using a standard dye solution to determine
optimum adsorption parameters, and these parameters were used for the removal of dyes from actual
wastewater. Fitting experimental data into the isotherm and kinetic models suggested monolayer dye
adsorption with chemisorption rate-limiting step. The maximum adsorption found from modeling
results was 28.8 mg/g. Fourier transformed infrared (FTIR) spectra revealed the existence of hydroxyl,
amine and carboxylic groups, contributing to high adsorption of dye molecules onto the adsorbent
surface. About 93% of the dyes from the standard solution were removed at optimum conditions
(pH—7.0, initial dye concentration—100 mg/L, contact time—60 min, and adsorbent dose—0.5 g)
while this value was 84.2% for industrial textile wastewater. This difference was mainly attributed
to the composition difference between the solutions. However, the removal efficiency for actual
wastewater is still significant, indicating the high potentiality of banana peel removing dyes from
textile effluent. Furthermore, desorption studies showed about 95% of banana peel can be recovered
with simple acid-base treatment.

Keywords: adsorption kinetics; banana peel; dye removal; isotherms; textile wastewater

1. Introduction

In the current scenario of rising populations and increasing industrial activities, water
pollution causes significant destruction in the ecosystem and creates a potential threat
to water security as only about 0.03% of global water resources are currently used for
human activities. Direct disposal of untreated or inadequately treated industrial effluent
into different water sources has been identified as the primary cause of present water
pollution [1-3]. Textile dyeing, for instance, is pinpointed as one of the most polluting
sectors that releases about 5000~10,000 tons of different reactive dyes each year, contributing
about 17-20% of industrial water pollution [3-5]. Most of these dyes limit the access of
sunlight into the water, causing serious health risks to the aquatic living bodies and
populations adjacent to the polluted water sources, thus highlighting the need for proper
treatment of textile effluents that protects both the ecosystem and the environment [3,6].

Adsorption is the most common and well-developed technique compared to con-
ventional methods employed for dye removal from textile wastewater due to its ease in
process design and operation, low-cost, and high efficiency, even for highly concentrated
dye solutions [7,8]. Moreover, the easy availability and biodegradability of adsorbent
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materials are an extra feature of the adsorption method in removing dyes from the wastew-
ater [9]. Activated carbons and numerous organic resins have achieved amazing success
as adsorbents in dye removal, however, the excessive cost of these materials impedes the
widespread implementation of adsorption processes, driving researchers to seek alterna-
tive adsorbents that can provide the desired level of performance [10]. Recent studies
have shown significant improvements in the cost-effectiveness of the adsorption process
through the effective substitution of the standard materials by relatively low-cost and
environmentally-friendly biowaste-derived adsorbents [10-13]. Previous studies have
also reported that these bio-adsorbents display excellent performance in the removal of
dyes [14] and heavy metals [15] from textile manufacturing effluents. These findings have
inspired the development of cost-effective, environmentally sound, and efficient adsorbents
to remove hazardous dyes from textile wastewater.

Banana peel has attracted attention among all other adsorbents because of its year-
round availability throughout the world. The existence of different functional groups in
banana peel allows the high sorption of different anionic and cationic compounds onto the
surface-active sites [16]. However, most of the available banana peel is underutilized and
trashed as bio-waste despite its high potential to remove heavy metals [17], pharmaceutical
compounds [18], radioactive elements [19], phenolic compounds [20], etc. as disclosed
in many recent research works. Although the adsorption of the dyes onto banana peel
was previously studied [21-27], the potential of banana peel in treating actual textile
wastewater has yet to be reported. Most of the current research has highlighted the
applicability of banana peel for removal of a specific dye from a standard solution, but
no effort is found in literature to the best of the authors’ knowledge that was extended
for the removal of different dyes from industrial wastewater. The optimum adsorption
parameters determined using a mixture of dye solutions has been applied to remove dyes
from textile effluent containing the same dyes. In addition to that, numerous adsorbents
derived from banana peel also showed improved dye removal efficiency but have not still
been employed in commercial applications due to economic reasons [28]. Therefore, the
proper investigation of the use of natural banana peel for efficient water decontamination
in the industrial scale is in demand.

Reactive dyes are some of the most utilized dyes for cotton coloration, and the indus-
trial discharge of reactive dyes is increasing enormously. This work utilized natural banana
peel as bio-adsorbent to remove reactive dyes from textile effluent through a set of batch
adsorption processes. The adsorption performances of banana peel were tested for variable
solution pH, adsorbent dose, initial dye concentration, and contact time, followed by FTIR
characterization of the banana peel. The initial investigations were done for a standard
solution to determine the optimum adsorption parameters, which were later employed in
actual wastewater treatment. The experimental adsorption data were precisely fitted with
isotherm and kinetic models to demonstrate the adsorption behavior of banana peel for
the removal of the dyes from textile wastewater.

2. Materials and Methods
2.1. Chemicals and Materials

The banana peel was collected from a local fruit market. The wastewater and the
powder of three reactive dyes, which are commercially known as Deazol Black B EAN,
Deafiz Red ME 6BL, and Firstfix Yellow 3RS were collected from a well-known textile
dyeing unit located in Gazipur, Bangladesh. As the company only disclosed the commercial
names of these dyes, the exact chemical structures were unknown in this study. However,
the chemical structure of some of other commercially available dyes with similar generic
groups are shown in Figure 1. Hydrochloric acid (HCl) and sodium hydroxide (NaOH),
both supplied by Merck (Darmstadt, Germany), were used without further purification to
adjust the pH of the solutions.
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Figure 1. Chemical structure of different reactive dyes: (a) Sudan Black B, (b) Direct Red 6BL, and
(c) Reactive Yellow 3RS with similar generic name as Deazol Black B EAN, Deafiz Red ME 6BL, and
Firstfix Yellow 3RS, respectively.

2.2. Adsorbent Preparation

The banana peels were subsequently sliced into small fragments, washed, dried,
crushed, and sieved before using for the adsorption treatment. The peels were washed
with deionized water (DI-water) to eliminate adhering dirt particles and dried in ambient
conditions for 48 h followed by drying at 80 °C for 8 h in a 3606-1CE vacuum oven. The
dried peels were grounded in HR2118 blender (Phillips, Toa Payoh, Singapore) sieved
using 100 mesh size (149 um) and stored in an airtight polythene container.

2.3. Chemical Analysis

A DR/4000U UV-vis spectrophotometer (HACH, Loveland, CO, USA) was used to
estimate the dye concentration in the solutions. The pH of the solutions was measured
using a Hach-Sension-MM156 instrument, a portable multiparameter meter equipped
with a calibrated pH glass electrode. A LMS-1003 magnetic stirrer (LabTech, Hopkinton,
MA, USA) was used to maintain the homogeneity of dyes in the solutions. The coexisting
functional groups in banana peel were identified by a IR Tracer-100 FTIR system (Shimadzu,
Tokyo, Japan) equipped with a high sensitivity mercury-cadmium-telluride (MCT) detector.
The equipment was integrated with the LabSolutions IR software for peak analysis. Before
recording FTIR spectra, the samples were uniformly mixed with potassium bromide
(KBr) with a weight ratio of 1:100 (adsorbent: KBr). The spectra were recorded for the

wavenumbers ranged from 4000 to 400 cm .
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2.4. Standard Solution and Calibration Curve

A standard solution, in which the concentrations of its constituent elements are pre-
cisely known, was used to determine the optimum adsorption parameters (pH, adsorption
time, initial dye concentration, banana peel dosages, etc.) for textile wastewater treatment.
The solution was prepared by dissolving an equal amount of three dyes (mentioned above)
in DI-water. It was hypothesized that an equal amount of these three dyes remained in
actual textile effluent. The stock solution (standard solution) was yielded by adding 1 g of
each dye in a volumetric flask containing 2 L of DI-water. Afterward, the stock solution
was stirred in a magnetic stirrer for 60 min with a rotational speed (S) of 180 rpm to obtain
homogeneous dye composition.

The absorbance of the standard solution was calibrated against solution concentrations
using a wavelength at which maximum adsorption occurred (Amax). The absorbance of
the collected wastewater was plotted as a function of wavelengths, which provided the
Amax value at 601 nm (Figure 2a). All further spectrophotometric measurements in this
study used this Amax value. To perform the calibration study, the stock solution was further
diluted to a set of concentrations ranging from 25 to 225 mg/L with pH ~ 7. The absorbance
of each solution was measured at room temperature (T ~ 25 °C) and plotted against the
concentrations (Figure 2b). The experimental data were precisely fit in a straight line with
a linear regression coefficient (R?) of 0.9996, thus allowing to assume a constant molar
absorbability throughout the concentration range.
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Figure 2. (a) Determination of wavelength for maximum absorption; (b) calibration curve of standard
dye solution at Amax = 601 nm, pH ~ 7, and T =25 °C.

2.5. Adsorption Study

The batch experiments were conducted to investigate the adsorption behavior of
banana peel in the removal of dyes from textile effluent. Before employing banana peel to
remove dyes from actual wastewater, all adsorption parameters were optimized using the
standard solution (for details of the preparation of standard solution see Section 2.4). To
find the optimum pH at which maximum adsorption occurred, three different amounts of
adsorbent (0.5, 0.75, and 1.0 g) were added in amber bottles containing 250 mL of a dye
solution (50 mg/L) at pH between 2.0 and 10.0. Then, the mixtures were agitated using a
magnetic stirrer for an hour with a speed of 180 rpm at 25 °C followed by filtration using
Whatman No. 1 filter paper. The filtrated solutions were immediately analyzed by the
UV-Vis spectrophotometer to estimate the final concentration of the investigated solutions
using the calibration curve. In determining the effects of adsorbent dose, different amounts
of banana peel (M,q4s) ranging from 0.1 to 0.8 g were mixed in amber bottles having 250 mL
of a dye solution (50 mg/L) at pH ~ 7. The same experimental procedure was followed for
pH study.
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To obtain equilibrium conditions, the adsorption experiments were performed using
four levels of concentration (C; = 25, 50, 100, and 150 mg/L) at optimum pH. An amount
of 0.5 g banana peel was added into each 250 mL dye solution at 25 °C and stirred in the
magnetic stirrer for two hours. The samples were taken for spectrophotometric analysis
in specific time intervals (t = 0, 10, 20, 30, 45, 60, 90, and 120 min). Equilibrium attained
when the concentration of the final solution remained the same with increasing adsorption
time. The adsorption efficiency (% removal of dyes) and the adsorption capacity (amount
adsorbed, g) were calculated using Equations (1) and (2), respectively [10]:

C
Removal efficiency (%) = — . S %100 (1)

i

. . Ci—Cy
Adsorption capacity, g (mg/g) = ( ) xV 2)
Maads
where C; and Cy denote the initial and final concentration (mg/L) of the dye solution
respectively, V is the solution volume (L), and M, 4 is the weight of adsorbent used (g).

2.5.1. Adsorption Isotherms

The adsorption isotherm analysis provides an equilibrium relationship between ad-
sorbate and adsorbent. The experimental adsorption data were fitted to Langmuir and
Freundlich isotherms to obtain a suitable model to design a process for industrial wastewa-
ter treatment. The Langmuir isotherm model assumes monolayer adsorption of dyes at
homogeneous adsorbent sites (identical and energetically indistinguishable) and that no
transmigrations occur between adsorbed molecules on the neighboring sites. The linearized
Langmuir isotherm model is expressed by Equation (3) [10]:

. _c 1
e qm KLEIm

®)

where g;,, g, and K}, denoted the maximum adsorption capacity (mg/g), adsorption capacity
at equilibrium (mg/g) and Langmuir isotherm constant (L/mg), respectively. The values
of g and K were estimated by plotting C./g. against C. where g, is the reciprocal of
the slope and K, calculated from the intercept. The favorability of dye adsorption onto
the banana peel was studied by a dimensionless separation factor R} obtained from the
Langmuir isotherm model, which can be expressed as follows [29]:

1

_ — 4
1+ K. C; @

Ry
The isotherm model is favorable only when the value of R} remains in between 0 and
1, it is unfavorable, linear, or irreversible if Ry > 1, R;, =1, and Ry = 0, respectively.
On the other hand, the Freundlich isotherm model postulates multilayer adsorption
on heterogeneous adsorbent sites, where adsorbed molecules actively interact with each
other. Equation (5) represents the linearized Freundlich isotherm model [10]:

In(q.) = In(Kx) + nl—Fln(Ce) 5)

where 1/nr and Kr represent the heterogeneity factor associated with adsorption capacity,
and the Freundlich isotherm constant (mg/g), respectively. Similar to the Langmuir
isotherm, a linear line of In(g.) as a function of In(C,) was plotted to estimate the value of
Kr (from the intercept) and nr (from the slope). The value of 1/np typically ranges from 0
to 1, illustrating the non-linearity of the relationship between dye solution concentration
and adsorption. If np = 1, the adsorption is linear otherwise it implies chemical (1/nf < 1)
or physical (1/np > 1) adsorption [10]. 1/nr < 1 also suggests the favorability of dye
adsorption onto the adsorption surface [29].



Textiles 2021, 1

366

2.5.2. Adsorption Kinetics

The adsorption kinetics study was done to understand the equilibrium relationships
between adsorption and contact time. The experimental adsorption data were precisely
fitted into the pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models. The
linearized equations for PFO and PSO are represented by Equations (6) and (7), respectively.
In general, the rate of adoption in PFO is directly proportional to the first power of solution
concentration, while the rate is related to the square of solution concentration for PSO [3]:

In(ge 1) = In(ge) ~ 5ot ©
t 1 1
TR AN
where ¢ is time (min) and ¢; is adsorption capacity at instant time (mg/g). The rate constant
for PFO and PSO adsorption was denoted by k; and kj, respectively.

@)

2.5.3. Desorption Study

The banana peel (0.5 mg/L) used for the adsorption of dye solution was separated
using vacuum filtration. The exhausted adsorbent was treated individually or mutually
under acidic and basic medium. Solutions 0.1 M HCl and 0.1 M NaOH were used to make
acidic and basic environments, respectively. Prior to drying sample at 80 °C for 12 h, the
adsorbent was washed with distilled water three times to remove residual acid or base
solution from the adsorbent surface.

3. Results and Discussion
3.1. FTIR Characterization

The presence of important functional groups on the surface of banana peel was
identified by the FTIR spectrum shown in Figure 3. The most intense and broadest peak
at 3393.8 cm~! indicates coinciding vibrations of O-H (hydroxyl) stretching of alcohols
and phenols and N-H (amine) stretching of amino acid. Other strong peaks were also
found in the range of 2850 to 3000 cm ™! that represent C-H stretching of alkanes [30].
Peaks appearing at 1736.9, 1620.2, and 1399.4 cm ™! are designated to C=O stretching of
aldehydes or carboxylic acids, -COO symmetric stretching, and O-H bending, respectively.
The bands at 1000-1350 cm ! and 650-1000 cm ! are attributed to C-O stretching of esters
or ethers and N-H deformation of amines, and C-H stretching of alkenes and aromatics,
respectively [24,30]. The FTIR spectra revealed that banana peel contained a high amount of
hydroxyl and carboxylic groups, potentially from cellulose and amines from hemicellulose.
These functional groups on adsorbent surface ((COOH, -NH;, -OH, etc.) participate on
hydrogen bonding via an electrostatic attractive force between H-atoms in the functional
groups of banana peel surface and more negatively charged atoms (e.g., N, O, etc.) on dye
surface [23,31].

3.2. Effects of Solution pH

The pH is one of the most critical parameters primarily used to evaluate the adsorption
capacity of banana peel to remove different reactive dyes from solution. The solution pH
controls the adsorption capability as it has tremendous effects on the surface properties
of the adsorbent and the forms (ionic or neutral) of dyes present in solution. A set of
adsorption studies were performed in the pH range of 2-10 for 60 min at three different
adsorption doses (0.5, 1.0, and 2.0 g/L) while the initial dye concentration was held at
50 mg/L. The uptake of dyes on the banana peel is exhibited against solution pH in
Figure 4. The percent removal of dyes increases with increasing pH and it suddenly goes
to the highest (93.4%, 97.1%, and 99.6% for the adsorbent dose of 0.5, 0.75, and 1.0 g,
respectively) at pH ~ 7.0. However, the adsorption falls when the pH is further increased.
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Analogous results were also attained in adsorption of dyes onto the banana peel [32],
orange peel [32-34], shrimp shell [35], and biological waste slurry [36].
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Figure 3. FTIR spectra of banana peel; Conditions: 25 °C, banana peel: KBr = 1:100, number of scans:

30, resolution: 2 cm 1.
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Figure 4. The adsorption of dyes on the banana peel at variable pH’s (C; = 50 mg/L, M, = 0.5, 0.75,
and1.0g,t=1h,T=25°C,5=180 rpm, V =250 mL).

The maximum adsorption at pH = 7.0 implies the presence of equal amounts of anions
and cations in the dye solution which were simultaneously neutralized and adsorbed on the
banana peel adsorption sites. Strong electrostatic interactions between charged molecules
(e.g.,Na*, CI~,SO3Na*, -COO~,-O, etc.) in dye solution and different functional groups
such as -COOH, —-OH, -NH,, -S04, etc in banana peel surface plays one of the major
roles in the adsorption of dyes from the waste solution. The neutralization of dyes by H*
ions in acidic medium and OH™ ions in basic medium might limit the removal of dyes
with opposite ions from the solution. Therefore, the rest of the studies in this work was
performed for a solution of pH ~ 7.0.

3.3. Effects of Adsorbent Dose

The effects of adsorbent dosage on the removal of dyes are shown in Figure 5. About
20% of dyes were removed when 0.1 g banana peel was used, and almost complete removal
(~94%) was observed for 0.5 g adsorbent. Little effect on the removal percentage is noticed
for a further increase in the adsorbent dose (~96% removal for 0.8 g dosage). Such a trend is
understandable as the number of active sites is increased for the high dosage of banana peel
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while the amount of adsorbate molecules in the solution remains constant. Conversely, a
drop of adsorption capacity from 28.4 mg/g (at 0.2 g dosage) to 14.9 mg/g (at 0.8 g dosage)
was observed after an initial increase. At dosages < 0.2 g, the active sites of banana peel
may saturate quickly and this left a significant amount of dyes in the solution, leading to an
increase in adsorption capacity with increased dosage (up to 0.2 g) [6]. Besides, the decrease
in adsorption capacity at higher dosages may be attributed to two reasons. Firstly, the
unsaturation of active adsorption sites of banana peel occurred at higher dosages, due to
the presence of excess adsorbent than necessary while the adsorption capacity is inversely
related to the amount of adsorbent dosage. Secondly, the aggregation of adsorbent particles
due to the high addition of adsorbent dosage caused a significant drop in surface area and
an increase in diffusional path length [37], leading to limiting the adsorption process.
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Figure 5. Effects of adsorbent dosage on the dye adsorption onto the banana peel (pH = 7,
Ci: 50 mg/L, My45: 0.1t0 0.8 g, t: 1 h, T: 25 °C, S: 180 rpm, solution volume: 250 mL).

3.4. Effects of Initial Concentration and Contact Time

The effects of initial dye concentration and contact time were simultaneously studied
in this work. The dye removal efficiency and adsorption capacity are demonstrated as a
function of time with four levels of dye concentration (C; = 25, 50, 100, and 150 mg/L) in
Figure 6a,b respectively. The analogous trends of percent dye removal in Figure 6a show
that the first 10 min of adsorption was very quick which then proceeded slow down until
a plateau state was reached. For all initial concentrations, the equilibrium was attained
within 60 min of the adsorption process, except for 150 mg/L solution, which plateaued in
about 90 min. The abundant availability of active adsorption sites at the initial stage causes
high interactions between adsorbent and dyes, resulting in rapid adsorption. Decreasing
active sites over time because of the adoption process leads to a gradual decrease in the
rate of adsorption, which continues until the dynamic equilibrium between the adsorption
and desorption of dyes is achieved. The slower adsorption at high concentration solutions
was attributed to the presence of relatively lower number of active sites to remove the same
amount of dyes as the solution volume and adsorbent quantity in the system remained
constant. In addition to that, the existence of such inadequacy of active sites at higher
concentration solutions also offered considerably lower dye removal efficiency. Only 43.4%
of dyes were removed at C; = 150 mg/L while the removal efficiencies were 56%, 96.2%,
and 100% for 100, 50, and 25 mg/L solution, respectively. Similar results were also obtained
by Arami et al. [9].



Textiles 2021, 1

369

(@)
100 - -— =
> — - — = = = = -9
-
_ .
80 - e
< v
< /
ERIE !
S Aememmmamn A----un---A
= / Y R
S L A-
:- 40 4 1/ '# ,.||"I""""'“"””""""""""
E' é. BT AL
- A T ——25mg/L
204 [ p¥ —0=50 mg/L
= 4= 100 mg/L
- vy 150 mg/L
0 —_—
0 20 40 60 80 100 120
Contact time (min)
(b) 35
b ,-I"""""""""""v
30 4 TR "
Y e fheaneee--A
25 -
~ >~ - - — == - = — -0
'en 20 -
.
=15
= . .
7 =825 mg/L
=®=50 mg/L
3] = = 1100 mg/L
rwn 150 mg/L
0 ——
60 80 100 120

Contact time (min)

Figure 6. (a) The percent removal of dyes and (b) amount of dyes adsorbed for variable contact time
and initial concentration (pH: 7, C;: 25, 50, 100, and 150 mg/L, M,4,: 0.5 g, t: 0 to 120 min, T: 25 °C,
S: 180 rpm, solution volume: 250 mL).

Conversely, the adsorption capacity of banana peel was higher for the dye-rich so-
lutions (i.e., 33.5 mg/g at 150 mg/L and 12.5 mg/g at 25 mg/L) as the number of dye
molecules in the constant volume and adsorbent mass is increased at high dye concentra-
tion solution, resulting in high quantity dye adsorption. However, the trend of adsorption
capacities of banana peel in Figure 6b always corresponded to the trend of dye removal
efficiency shown in Figure 6a.

3.5. Adsorption Isotherms

Adsorption isotherm studies were conducted in the concentration range 25-200 mg/L
under the following conditions: 0.5 g banana peel, pH ~ 7, and 25 °C. The adsorbate-
adsorbent mixing was done in the magnetic stirrer for 1 h with a rotational speed of 180 rpm.
The same procedure as the adsorption study (Section 2.5) was used to obtain equilibrium
concentrations, percent dye removal, and the amount of dye adsorbed. Fitting experimental
data to isotherm equations (Equations (3) and (5)) suggest that the Langmuir isotherm
model (Figure 7a) shows a relatively better fit to the adsorption data, which revealed by
higher R? value compared to the Freundlich model (Figure 7b). The adsorption parameters
with corresponding R? value for both isotherm model are summarized in Table 1.
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Figure 7. (a) Langmuir and (b) Freundlich isotherm model plots for adsorption of dyes onto the
banana peel (pH: 7, C;: 25, 50, 75, 100, 150 and 200 mg/L, M45: 0.5 g, t: 60 min, T: 25 °C, S: 180 rpm,
solution volume: 250 mL).

Table 1. Adsorption isotherm parameters for dye adsorption onto the banana peel.

Langmuir Freundlich
qm (mg/g) K (L/mg) R? Ry 1ng Kr (mg/g) R?
28.8 0.26 0.9763 0.02-0.14 0.114 16.5 0.8266

The better fitting of experimental data to the Langmuir isotherm model indicates
the occurrence of monolayer adsorption at specific homogeneous adsorption sites of the
banana peel. The lower R? value in the Freundlich model was obtained owing to the
non-linear adsorption behavior (1/nF ~ 0.114 < 1), especially at high concentrations, which
is caused by saturation of adsorbent actives sites on the surface.

To describe the favorability of dye adsorption onto the banana peel by the Langmuir
isotherm model, R; was plotted as a function of C;, which is shown in Figure 8. The
highest value of Ry, (0.133) was obtained at 25 mg/L that decreased to 0.02 at 200 mg/L.
However, the values of Rj, were always found in the range of 0.02-0.14 (<<1), indicating
the favorable dye adsorption on a banana peel. Like the Langmuir isotherm model, the
Freundlich isotherm model also shows the favorable dye adsorption, which was confirmed
by obtaining the value of 1/nf less than unity (Table 1).
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Figure 8. Graphical presentation of the separation factor (R ) against initial dye concentration (pH: 7,
C;:25,50, 75,100, 150 and 200 mg/L, M5: 0.5 g, t: 60 min, T: 25 °C, S: 180 rpm, solution volume: 250 mL).
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3.6. Adsorption Kinetics

In kinetic studies, the adsorption capacity of banana peel at equilibrium was exam-
ined for times ranging from 0 to 120 min using three dye concentration levels (25, 50, and
100 mg/L) under the following conditions: 0.5 g banana peel, pH ~ 7, and 25 °C and
maintained identical procedure as adsorption study (Section 2.5) to attain equilibrium con-
centration and adsorption capacity. The adsorption kinetic at different dye concentrations
were evaluated by fitting experimental adsorption data into the linearized PFO and PSO
model equations, which are shown in Figure 9. The higher R? value in Figure 9 reveals a
better fit of experimental data to the PSO compared to PFO, suggesting a chemisorption-
controlled adsorption process [3,38], which is also validated by isotherm studies (reported
in Section 3.5) since 1/np is less than unity. The rate constant (k; and k;) and theoretical
adsorption capacity at equilibrium (g, 1) along with the R? values for both kinetic models
are listed in Table 2.

(a) 4 = ) 10
" 25mg/L B
3 ° :; i:E-I_ B 25mg/l, R'= 0.9999
7 A 100ESST, ® S0mglL Y= 0.07818X +0.19236,
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Figure 9. (a) Pseudo-first-order and (b) pseudo-second-order kinetics for the adsorption of dyes onto
the banana peel.

Table 2. Adsorption kinetic parameters for dye adsorption onto the banana peel.

Initial Dye Concentration (mg/L)

Kinetic Model Parameter
25 50 100
R? 0.9121 0.9651 0.9768
Pseudo-first-order Ky (min—1) 0.059 0.049 0.047
Ge,calc (Mg/ ) 5.4 20.8 21.0
R? 0.9999 0.9984 0.9992
ky (g mg~! min~1) 0.032 0.036 0.033
Pseudo-second-order Gocatc (Mg/2) 12.8 78 307
Geexp (ME/ Q) 12.5 24.0 28.4

3.7. Adsorption Study on Textile Wastewater

The optimized parameters, including solution pH, adsorbent dose, and contact time,
found for the standard solution were implemented to treat actual collected textile wastew-
ater. Since the concentration was unknown, the wastewater was diluted until an initial
absorbance of about 0.612, which corresponds to 56 mg/L (obtained using calibration
curve). A mixture of 0.5 g banana peel and 250 mL wastewater (56 mg/L) was stirred on
a magnetic stirrer at pH ~ 7 for an hour with S = 180 rpm. The final concentration found
after the adsorption was 8.2 mg/L (absorbance = 0.088), indicating 84.2% of dye removal
that is about 9% lower from the value obtained for the standard solution of 50 mg/L. This
slightly lower adsorption capacity in dye removal from wastewater may occur due to (1) a
small increase in initial dye concentration as the percent dye removal decreases with initial
dye concentration (2) the difference of dye composition in wastewater and the standard
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solution, which can affect the calibration curve, and (3) the presence of dyeing auxiliaries
(salts, alkalies, surfactants and softeners) in industrial wastewater (that was not accounted
for in the experiments with standard dye solution) might have a negative impact on the
adsorption capacity. The adsorption capacities of different forms of banana peel along with
other bio-adsorbents to remove dyes have been summarized in Table 3.

Table 3. Adsorption Capacities of banana waste-based adsorbent for the removal of dyes.

Adsorbent Adsorbate qm (mg/g)  Conc. (mg/L) Contact Time pH % Removal Ref.
Banana peel Methylene blue 18.647 5-100 3h 4-8 96-98 [39]
Activated banana peel Methylene blue 19.671 5-100 3h 4-8 90-94
Pseudo stream banana fiber Safanin 21.74 5-40 90 min 7.5 - [40]
Banana pith Methylene blue 11.325 5-25 3h 89 [41]
Banana peel AC Methylene blue 620 1000 24h 8.0 [42]
Banana peel powder Eurozol Navy blue 24.09 50 60 min 7.0 68-72 [43]
Chitosan/Banana peel Methylene blue - 100 min 7.0 96 [44]

3.8. Adsorbent Regeneration Study

Regeneration of adsorbent helps explain the mechanism and recovery of the adsorbate
and adsorbent. Figure 10 illustrates the %desorption of dyes in different solvent media.
Initially, 0.1 M HCl (A) and 0.1 M NaOH (B) solutions were used to desorb dyes from the
adsorbent surface. In both cases, % recoveries were similar (51.2 + 3.2% with HCI and
47.9 £ 4.6% with NaOH solution). However, when the adsorbent was treated subsequently
with 0.1 M HCl and 0.1 M NaOH (C), the regeneration of adsorbent surface was about
94.5 + 5.1% which was approximately double than seen with the individual acid or base
treatments. As mentioned in the adsorption study, the dye solution contained the same
amount of positive and negative functional groups and the maximum adsorption was
obtained at pH = 7.0, which indicates that both basic and acidic media are required to
create extreme conditions and eventually desorb dyes from the adsorbent surface. In acidic
medium, the solution consists of a higher amount of H* that subsequently attach with
the dye molecules with negative functional groups and are desorbed from the adsorbent
surface. Similarly, in basic medium, the dye molecules containing positive functional
groups were removed. Therefore, when treated with acid and base one after another, a
very high %recovery is achieved. Here, %recovery of this acid-base treatment is 4.6%
less than the combination (99.1%) of individual acid and base treatments because of the
neutralization reaction between residual HCl and NaOH solutions.

Desorption of dyes (%)

(A) B ©

Solvents

Figure 10. Regeneration of banana peel using different solvents: (A) 0.1 M HC], (B) 0.1 M NaOH,
and (C) subsequent addition of 0.1 M HCl and 0.1 M NaOH.
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4. Conclusions

In summary, banana peel has shown tremendous adsorption capacity for the removal
of dyes from textile effluents. Prior to treating actual wastewater, a set of parameters were
optimized using the standard solution containing a mixture of three major dyes present
in the wastewater. The FTIR study revealed that banana peel contained a high amount of
hydroxyl, amine and carboxylic groups on the surface that cause high interactions between
adsorbate and adsorbent, resulting in high dye removal efficiency and adsorption capacity.
The optimum adsorption at pH ~ 7 indicates the presence of equal amounts of anions and
cations in the wastewater solution. Although the adsorption capacity was further increased
with adsorbent dose, it was minimal for adsorbent doses above 0.5 g. The equilibrium
was reached within 60 min of adsorption; however, it was a little longer for solution
concentration above 100 mg/L due to insufficient adsorption sites. A Langmuir isotherm
model and a pseudo-second-order kinetic model fitted the experimental adsorption data
well, which suggested that the dye removal using banana peel is a favorable chemisorption
process. This study shows that low-cost and renewable biowaste-derived banana peel has
high adsorption performance towards textile dyes. Additionally, about 95% of the banana
peel is recoverable with subsequent acid and base treatments and can can be re-used for
further dye adsorption.
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