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ABSTRACT

In this work, the banana leaf, an agricultural waste, widely used for wrapping of food was
utilized as a low-cost adsorbent for removing methylene blue (MB) dye from the aqueous
solution. The effects of initial concentration, contact time, and solution pH on the adsorption
performance were investigated in a batch mode study at 30°C. The adsorptive uptake of MB
increased with increasing the initial MB concentration and solution pH. Equilibrium data
were simulated using the Langmuir and Freundlich isotherms, pseudo-first-order, pseudo-
second-order and intraparticle diffusion models. The data were well fitted to the Langmuir
isotherm model, showing a maximum monolayer adsorption capacity of 109.89mg/g.
Adsorption kinetics were best described by the pseudo-second-order and intraparticle
diffusion models. The results illustrated the potential use of waste banana leaves for the
removal of colors and dyes from the textile wastewater.
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1. Introduction

Over the past several decades, the percolation of
textile effluents into the waterways and aquifer sys-
tems has remained a fastidious concern among the
environmentalists [1]. In particular, textile industries
consume large volumes of water and chemicals for
wet processing of textiles. These textile wastewaters
are usually a mixture of large complexes, particulates,
processing assistants, salts, surfactants, acids and alka-
lis, which diverse widely in chemical composition,
ranging from inorganic compounds to polymers and
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organic products [2]. Numerous studies have been
conducted to assess the harmful impacts of colorants
on the ecosystem. The real hazard setting aside
esthetic considerations is exacerbated when the
colored agents interfere with the transmission of light
through water, retard photosynthetic activities in
aquatic life, inhibit the growth of biota, and damage
the quality of the receiving streams, thus upsetting
biological processes within streams, resulting in an
ecological imbalance [3].

A developing research by the invention of a broad
array of treatment technologies (precipitation, coagula-
tion—flocculation, sedimentation, flotation, filtration,
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membrane processes, electrochemical techniques,
biological process, chemical reactions, adsorption, and
ion exchange) has stimulated a dramatic progress in
the scientific community [4-13]. Of major interest,
activated carbon adsorption process, an adsorbent
with its large porous surface area, controllable pore
structure, thermo-stability and low acid/base reactiv-
ity, is recognized as the most efficient and promising
fundamental approach in wastewater treatment [14].
Despite its prolific use in adsorption processes, the
biggest barrier of the application by the industries is
the cost-prohibitive adsorbent and difficulties
associated with regeneration [15]. Realizing the
complications, a growing exploration to evaluate the
reliability of natural, renewable and low cost materials
as alternative adsorbents in water or air pollution
control has been exerted [16].

In the perspective, banana (Musa sapientum), the
leading edible member of the family Musaceae found
abundantly in tropical and subtropical area, is a
herbaceous plant with a height of 2-8 m, and leaves of
3.5m in length [17]. Banana is cultivated primarily for
its fruit, and it bears fruit only once throughout its
lifetime. According to the Department of Agricultural
online database, the annual production of banana in
Malaysia was 270,000T in 2010, corresponding to a
biomass residue yield of 649,000T [18]. In the
common practice, banana leaves are used as plates for
lining cooking pits and for wrapping of food.
However, this will eventually turn into waste after it
has served its purposes. Researches were carried out
intended to recycle the used banana leaves and
convert these wastes into a profitable end commodity,
which formulate the motivation of this study. The
focus of this study was to evaluate the adsorptive
potential of waste banana leaves for removing methy-
lene blue (MB) dye from aqueous solutions. Textural
and functional characterization of the prepared adsor-
bent was performed. Moreover, the effects of initial
dye concentration, contact time, pH, isotherms,
kinetics and mechanisms on the adsorptive uptake of
MB were outlined.

2. Materials and methods
2.1. Adsorbate

MB, C.I. Classification Number 52,015, chemical
formula = C;H1sN3CIS, MW =319.85, Amax=668nm
(purity = > 82%), supplied by Sigma-Aldrich (M) Sdn.
Bhd, Malaysia was chosen as the adsorbate in this
study and was not purified prior to used. Deionized
water supplied by USF ELGA water treatment system
was used to prepare all the reagents and solutions.
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2.2. Preparation and characterization of adsorbent

Used banana leaves required in this study were
obtained locally. The precursor was firstly washed to
remove dirt particles from its surface, cut into small
pieces (1-3cm) and dried in an oven at 70°C. The
dried sample was then ground and sieved to discrete
sizes (200-300 um), washed repeatedly with hot dis-
tilled water, dried overnight at 70°C, and stored in
plastic containers. Scanning electron microscopy
(SEM) analysis was performed to study the textural
structure of adsorbent before and after the adsorption
of dyes. Surface functional groups of the prepared
adsorbent were detected by Fourier transform infrared
(FTIR) spectroscope (FTIR-2000, PerkinElmer) in the

scanning range of 4,000-400cm .

2.3. Batch equilibrium studies

The batch equilibrium studies were conducted in a
set of 250-mL Erlenmeyer flasks containing 0.30g of
adsorbent and 200 mL of MB solutions with the initial
concentrations of 50-300mg/L without adjusting pH.
The flasks were capped and agitated in an isothermal
water bath shaker at 120rpm and 30°C until the
equilibrium was reached. Sample solutions were
withdrawn at equilibrium to determine the residual
concentrations. All samples were filtered (Whatman
0.45 pm) prior to analysis to minimize the interference
of adsorbent fines with the analysis. The concentra-
tions of MB in the supernatant solutions before and
after the adsorption process were analyzed using a
double-beam UV-vis spectrophotometer (Shimadzu
UV-1601, Japan) at its maximum wavelength of
668nm. Each experiment was duplicated under
identical conditions. The MB uptake at equilibrium,
ge (mg/g), was calculated by:

o = GV 1)

where C, and C. (mg/L) are the liquid-phase
concentrations of dye at initial and equilibrium,
respectively. V is the volume of the solution (L), and
W is the mass of adsorbent used (g).

2.4. Effect of solution pH

The effect of solution pH on the adsorptive uptake
of MB was examined by varying the initial pH from pH
2 to 10, at the fixed MB concentration of 200mg/L,
adsorbent dosage of 0.15 g/100 mL and adsorption tem-
perature of 30°C. The pH was adjusted using 0.1 M HCI
or NaOH solution and measured using a pH meter
(Model Ecoscan, EUTECH Instruments, Singapore).
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2.5. Batch kinetic studies

The procedure of adsorption kinetic study was
identical to the batch equilibrium studies, where the
aqueous samples were withdrawn at different time
intervals and the concentrations of MB were similarly
measured. The amount of adsorption at time ¢, g,
(mg/g), was calculated by:

g = (CO ;/vct)v (2)

where C; (mg/L) is the liquid-phase concentrations of
dye at time f (min).

3. Results and discussion
3.1. Characterization of the prepared adsorbent

Fig. 1 illustrates SEM images of the banana leave
derived adsorbent before and after the sorption of
MB. It can be clearly found that the adsorbent surface
exhibited a heterogeneous and high pores structure.
However, the surface of the dye-loaded adsorbent dis-
played a rougher texture, covered with the adsorbed
dye molecules.

The obtained FTIR spectrum (Table 1) revealed the
peaks at 3,410, 3,123, 1,621, 1,517, 1,431-1,320, 1,376,
1,242-1,159, 1,060, 897, 783, and 665cm”!, corre-
sponded to the presence of -OH (hydroxyl), C=C
(alkynes), -NH,,-NH;, C-O-H, -CH;, C-O-C (esters,
ether or phenol), P-H, Si-H, out-of-plane C-H, and
C-O-H functional groups. Meanwhile, the surface
chemistry of the banana leave derived adsorbent
detected some shift, disappear and new peaks after
the sorption of MB, indicating possible involvement of
the functional groups during the adsorption process

3.2. Effects of initial concentration and contact time on the
adsorption equilibrium

Fig. 2 shows the effects of contact time and initial
dye concentration on the adsorption of MB at 30°C.
Generally, the adsorptive uptake of MB increased with
prolonging the contact time. Initially, the amount of
MB adsorbed onto the adsorbent surface increased
rapidly, and at some point of time, the process slowed
down and reached a plateau. At this point, the
amount of dye desorbing from the adsorbent is in a
state of dynamic equilibrium with the amount of dye
being adsorbed onto the adsorbent. The time required
to attain this state of equilibrium is termed as equilib-
rium time, and the amount of dye adsorbed at the
equilibrium reflected the maximum adsorption capac-
ity of the adsorbent under those operating conditions.
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Fig. 1. SEM micrograph (150 X) for the banana leaves
adsorbent (a) before and (b) after the adsorption of MB.

This phenomenon was attributed to the fact that a
large number of vacant surface sites were available
during the initial stage, and after a lapse of time, the
remaining vacant surface sites were difficult to be
occupied due to repulsive forces between the solute
molecules on the solid and bulk phases. Similar trend
was observed in the adsorption of MB onto gypsum
and natural zeolite [19,20].

Initial concentration provides an important driving
force for alleviating mass transfer resistances of dye
molecules between aqueous solution and the solid
phases. Hence, in the present study, the adsorption
equilibrium of MB, g, increased from 31.67 to
101.32mg/g with an increase in initial concentration
from 50 to 300mg/L. This process takes relatively
longer contact time and the time profile of dye uptake
is a single, smooth and continuous curve leading to
saturation, suggesting possible monolayer coverage of
dye onto the surface of adsorbent [21]. At lower
concentrations of 50-100mg/L, the ratio of initial
number of dye molecules to the available surface area
is low, subsequently, the fractional adsorption become
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Table 1
Comparison of FTIR Spectroscopy of the banana leaves
derived adsorbent before and after the adsorption of MB

Frequency (cm ™)

IR Before After Assignment

peak adsorption adsorption

1 3,410 3,395 Bonded —-OH groups

2 2,123 - C=C stretch

3 1,621 1,602 NH, deformation

4 1,517 1,490 NH;* deformation

5 1,431 1,438 C-O-H stretch

6 1,320 1,334 C-O-H stretch

7 1,376 1,391 CH; deformation

8 1,242 1,246 C-O-C stretch

9 1,159 - C-0O-C stretch

10 1,060 1,100 P-H deformation

11 - 1,038 S=0 stretch

12 897 885 Si—-H deformation

13 - 809 CH out-of-plane
deformation

14 783 785 CH out-of-plane
deformation

15 - 706 NH deformation

16 665 667 C-O-H twist broad

17 - 627-500 C-H stretch

140
—--50mgL -B-100mgL —A—150 mg/L

120 200 mg/L

—%-250 mg/L. —©-300 mg/L

100
o) L
? 80
< 60
S

40

20 |

0 . . .
0 100 200 300 400
t (min)

Fig. 2. Effects of initial concentration and contact time on
the adsorption of MB onto banana leaves derived adsorbent
(conditions: W=0.30g/200 mL; temperature =30°C).

independent on the initial concentration. However, at
higher concentration of 150-300mg/L, the availability
of adsorption sites become fewer (saturation of the
sorption sites) and longer contact time of 280min
were required for MB solutions to reach to the equilib-
rium. Royer et al. [22] reported that the equilibrium
time for the adsorption of MB onto Brazilian pine-fruit
shell was 5-10h for an initial concentration of 300 and
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500 mg/L, while Ahmad et al. [23] has discovered that
for an initial concentration of 200mg/L, the amount
of MB adsorbed onto meranti sawdust was rapidly
high at the beginning of adsorption, and the
saturation level was gradually reached within 4h.
This illustrates that the adsorption performance of the
prepared adsorbent was comparable with the works
carried out by previous researchers.

3.3. Effect of solution pH on dye adsorption

Fig. 3 depicts the effect of solution pH on the
adsorptive uptake of MB. Increasing solution pH from
2 to 10 indicated an increasing g. from 22.37 to
109.90 mg/g. The maximum g, was observed at pH 7
where no significant changes were noticed beyond the
value. This behavior is due to the protonation of MB
in the acidic medium, and development of positive
charge onto the adsorbent surface, inhibiting the
accessibility of the pores structure [24]. Moreover, it is
associated with the presence of excess H" ions, which
present a competitive impact with dye molecules for
the adsorption sites. However, in the basic medium,
the formation of electric double layer changes its
polarity and consequently the dye uptake increases.
The result is in good agreements with the previous
findings [25,26].

3.4. Adsorption isotherm

Adsorption isotherms are viable for describing the
relationship between adsorbate molecules and the
adsorbent surface and highlight the distribution of
adsorbate molecules between the liquid and solid
phases [27]. In this study, two common isotherm
models were established: the Langmuir and
Freundlich isotherm models. The applicability of the
isotherm equation was judged by the determination of
correlation coefficients, R>.

Langmuir isotherm [28] assumes monolayer
adsorption, with adsorption can only occur at a finite
number of localized sites that are identical and ener-
getically equivalent. The mathematical expression of
Langmuir isotherm is defined as follows:

_ QOKLCe
e 14K C ®)
where Qp (mg/g) and Ky (L/g) are Langmuir

constants related to adsorption capacity and energy of
adsorption. The linear form of Langmuir isotherm is
defined as:
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Fig. 3. Effect of solution pH on the adsorption of MB
onto banana leaves derived adsorbent (conditions:
W=0.30g/200mL; Cy=250mg/L; temperature 30°C).

c. 1 1
° +—0C, 4
Q @)

Ge - QoKy,

When C./g. is plotted against C,, a straight line with
the slope 1/Qp and the intercept 1/Q, Ki can be
obtained.

Fig. 4 and Table 2 show the linear plot of
Langmuir isotherm model couple with its isotherm
constants. The equilibrium data were getting valid for
Langmuir isotherm model, with the R* higher than
0.99 at 30°C. The applicability of Langmuir isotherm
model suggested that the adsorption process is mono-
layer with each molecule poses equal enthalpies and
activation energy. The results also demonstrated that
there is no interaction and transmigration of dyes in
the plane of the neighboring surface.

Freundlich isotherm model [29] is an empirical
equation describing the nonideal and reversible
adsorption. The model can be applied to multilayer
adsorption, with nonuniform distribution of adsorp-
tion heat and affinities over the heterogeneous surface.
The model is expressed as follows:

e = KFCZ_; (5)

where Kg (mg/g (1/mg)'’/™) and n are Freundlich con-
stants related to adsorption capacity and adsorption

Table 2
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Fig. 4. Plot of Langmuir isotherm for the adsorption of MB
onto banana leaves derived adsorbent at 30°C.

intensity of the adsorbent. Kr can be defined as
adsorption coefficient and represents the quantity of
dye adsorbed onto adsorbent for a unit of equilibrium
concentration. The magnitude of the exponent, 1/n
below one represents normal Langmuir isotherm
while 1/n above one is indicative of cooperative
adsorption. The linear form of Freundlich isotherm is
as follows:

log g. = log K +% log C. (6)

Fig. 5 displays the linear plot of the Freundlich
isotherm model, and Table 2 Ilists the isotherm
constants determined from the intercept and slope.
The correlation coefficient, R? fitted with Freundlich
isotherm model (0.860) was found much lower than
the Langmuir isotherm model (0.999), thus ascertained
the monolayer coverage of MB onto the prepared
adsorbent. Table 3 exhibits a comparison of monolayer
adsorption capacities of MB onto various adsorbents
[30-38]. The adsorbent prepared in this work showed
relatively high adsorption capacity for MB of
109.89mg/g, as compared to some previous works as
reported in the literature.

Langmuir and Freundlich isotherm parameters for the adsorption of MB onto banana leaves derived adsorbent

Langmuir isotherm model

Freundlich isotherm model

Q, (ng/g) b (L/mg) R?

109.89 0.116 0.9996 0.03

Separation factor, Ry,

Kr (mg/g) (L/mg)'/" n R?

26.92 3.33 0.8602
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Fig. 5. Plot of Freundlich isotherm for the adsorption of
MB onto banana leaves derived adsorbent at 30°C.

3.5. Adsorption kinetics

Adsorption kinetics describe the solute uptake,
which in turn govern residence time of the adsorption
process [39]. When adsorption is preceded by diffu-
sion through a boundary, the kinetics in most systems
follow the pseudo-first-order kinetic equation.
Lagergren [40] proposed pseudo-first-order kinetic
model in the form of:

qe _ kl
log (qe - qt> = 2303 @

where k; is the adsorption rate constant (1/min). The
value of k; was obtained from the slopes of the linear

Table 3
Comparison of monolayer adsorption capacities of various
adsorbents for MB

Adsorbent Qo T (° Reference
(mg/g) O
Used banana leaves 109.89 30 Present
study

85.16 27  [30]
20.80 30 [31]
16.56 30 [32]
0.0068 25 [33]
3.82 30 [34]
102.04 30 [35]

Tea waste

Pathenium (PWC)

Wheat shells

Yellow passion fruit peel

Wheat straw

Waste apricot-based
activated carbon

Rice husk

Orange peel

Bamboo dust activated
carbon

40.58 32 [36]
18.60 30 [37]
143.20 30 [38]
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plots of log [ge/(Ge—gy] vs. t, as shown in Fig. 6(a).
The corresponding results are tabulated in Table 4.
The R? values, which ranged between 0.976 and 0.897,
were relatively small. Moreover, the experimental g,
values did not agree satisfactory with the calculated g,
values obtained theoretically. This showed that the
adsorption of MB onto the banana leaves based
adsorbent did not follow pseudo-first-order equation.

Contrary to the other models, pseudo-second-order
kinetic equation [41] predicts the behavior over the
whole range of adsorption, with chemisorption being
the rate controlling step. The pseudo-second-order
kinetic model is expressed as:

t 1 1

= 4t 8
9 ke ge i
where k, (g/mgmin) is the pseudo-second-order
kinetic rate constant. The linear plot of t/g, versus
t gave 1/4, as the slope and 1/k; 42 as the intercept.
The linear plot of t/g; versus t, as shown in Fig. 6(b)

<O 50 mg/L 0O 100 mg/L A 150 mg/L

3r X 200 mg/L

X 250 mg/L

O 300 mg/L

<50 mg/L 0100 mg/L A 150 mg/L

X 200 mg/L X 250 mg/L O 300 mg/L

400

t (min)

Fig. 6. Plots of (a) pseudo-first-order and (b) pseudo-
second-order kinetic models for the adsorption of MB onto
banana leaves derived adsorbent at 30°C.
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Table 4

Kinetic models parameters for the adsorption of MB onto banana leaves derived adsorbent at different initial MB
concentrations

Co (mg/L)  ge, exp (mg/g)  Pseudo-first-order kinetic model Pseudo-second-order kinetic model

%1, cal (mg/g)

k; (1/min) 107! R?

ez, cal (Mg/g) ko (g/mgmin) 107> R>

50 36.64 24.48 0.15 09764  39.68 1.05 0.9979
100 62.36 57.44 0.14 0.9369  66.23 0.56 0.9826
150 90.05 97.41 0.13 0.8052  100.00 0.19 0.9825
200 99.85 103.30 0.12 0.9063 112.36 0.16 0.9839
250 103.06 115.82 0.14 0.9060 119.05 0.15 0.9823
300 104089 124.62 0.16 0.8969 119.05 0.18 0.9886
120 equilibrium data. According to the theory, the Weber
O50mg/l.  O100mg/L  A150 mg/L Q2% and Morris intraparticle diffusion model is derived as
100 F oy 500 mgl. X250 mgl. ©300 mg/L Q 9 Q 8 x Z Z follows:
_ x A
20 80 8 x X A
& Q A A
E Ll g $%4° _ogoo g =kt + C (9)
= 60 o X A g O oo
l 40 X ; go°
Q g o <D> 0000 0°%° o000 where C is the intercept and kig is the intraparticle
20 f g é & © diffusion rate constant (mg/gmin’®). If pore diffusion
ol - - o is the rate-limiting step, then the plot g, versus t*°

10
t1/2 (minlll)

Fig. 7. Plots of Intraparticle diffusion model for different
initial MB dye concentrations at 30°C.

revealed good agreement with the pseudo-second-
order kinetic model, with the correlation coefficients
greater than 0.98 for all MB concentrations. Addition-
ally, the calculated g, did not differ notably with the
experimental g. (Table 4). This suggested that the
adsorption process was controlled by chemisorption,
which involved valency forces through electrons
sharing between MB and the adsorbent.

To examine the adsorption mechanism of the
adsorption system, the Weber and Morris intraparticle
diffusion model [42] was applied to analyze the

Table 5

gives a straight line with the slope, k, and the
intercept, C;; and intraparticle diffusion is the sole rate
limiting step if the plot passes through the origin. The
values of intercept, C, give an idea about the thickness
of boundary layer, where the larger the intercept, the
greater is the boundary layer effect.

The intraparticle diffusion plots for the adsorption
of MB onto the banana leaves derived adsorbent for
the concentration of 50-300mg/L was presented in
Fig. 7. The values of kg, C; and correlation coefficients,
R* obtained for the plots are given in Table 5. The
first, sharper region is the instantaneous adsorption or
external surface adsorption, representing the mass
transfer of adsorbate molecules from the bulk solution
to the adsorbent surface. The second region is the
gradual adsorption stage where intraparticle diffusion
is rate limiting. The third region, exists in some cases,

Intraparticle diffusion model parameters for the adsorption of MB onto banana leaves derived adsorbent for different

initial MB concentrations at 30°C

C, (mg/L) Kiq, 1 (mg/h'/?g) C R Kiq, 2 (mg/gmin'/?) C R,

50 2.70 5.62 0.9968 0.70 25.02 0.8576
100 4.08 6.88 0.9908 1.44 36.80 0.9457
150 5.14 8.27 0.9967 3.34 28.81 0.9809
200 5.90 6.46 0.9955 3.43 37.01 0.9734
250 5.97 9.72 0.9923 3.43 42 .45 0.9587
300 6.23 11.99 0.9891 3.11 50.94 0.9355
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is the final equilibrium stage where intraparticle diffu-
sion started to slow down due to the extremely low
adsorbate concentrations left in the solutions [43].

As can be seen from Fig. 7, the linear lines of the
second stages did not pass through the origin, due to
the difference in the mass transfer rate in the initial
and final stages of adsorption. The deviation also
exhibited the presence of multilinearity, indicating the
transportation of adsorbate from solution phase to the
surface of adsorbent is controlled by a combination of
more than one step (film or external diffusion, pore
diffusion, surface diffusion and adsorption onto the
pore surface) [44]. This implied that intraparticle
diffusion was not the only rate-limiting mechanism in
the adsorption process. Increasing bulk liquid dye
concentrations from 50 to 300mg/L showed an
enhancement of pore diffusion rate and intercept,
indicative of the increase of thickness of the boundary
layer and driving force for the sorption process.

4. Conclusion

The present investigation revealed the versatility
of banana leaves developed adsorbent for removing
MB dye from aqueous solutions over a wide range of
concentrations. Adsorption data were best described
by the Langmuir isotherm model, with a monolayer
adsorption capacity of 109.89mg/g. The kinetic data
agreed satisfactory with the pseudo-second-order
kinetic model, suggesting a chemisorption process.
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