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ABSTRACT

In this work, mangosteen peel (MP) waste was used as a new biosorbent for removal of methylene blue
(MB) dye from aqueous solution. Surface area, surface functional groups, surface charge and surface
morphology were analyzed through Brunauer Emmett Teller, Fourier transform infrared, pH,  and field
emission scanning electron microscopy/energy dispersive X-ray spectroscopy techniques, respectively.
The major functional groups were -CO, -COQO and —~OH. Batch adsorption experiments were conducted
with varying MP dose (0.01-0.08 g), pH (2-12), contact time (10-60 min), temperature (25°C—-45°C) and
concentration of MB solution (50-150 mg/L). The study examined the implementation of artificial neural
network for the prediction of MB adsorption from aqueous solution by MP, based on 30 experimental
sets of batch adsorption study. Optimum number of neurons determined was 4 for Levenberg-
Marquardt training algorithm; at which the highest value of R* and lowest mean square error were found
to be 0.997 and 2.972, respectively. Among the various kinetic models applied, the pseudo-second-order
kinetic model was identified to be the most suitable to represent the adsorption of MB on the surface
of MP. Langmuir, Freundlich, Temkin and Harkins-Jura isotherm models were employed to study the
adsorption equilibrium. Langmuir isotherm model was identified as the most suitable. The calculated
values of thermodynamic factors, AS°, AG®, §*, E and AH°, showed that the adsorption phenomenon is

spontaneous, feasible and endothermic in nature.

Keywords: Mangosteen peel; Methylene blue; Artificial neural network; Adsorption capacity;

Kinetic models; Thermodynamic parameters

1. Introduction that about 7-10 x 10° tons of dyes are produced annually

Rapid increase in population, industries and unplanned
urbanization contribute to water pollution [1,2]. Itis estimated

worldwide and widely utilized in different industries such as
paper, textile finishing, food coloring, carpet, leather, plastics,
cosmetics and printing [3,4]. The presence of dyes in water
has an adverse effect on aquatic and terrestrial biota includ-

* Corresponding author. ing human beings due to their toxic and carcinogenic nature
[5]. Even, the presence of a small concentration of dyes in
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water sources is highly noticeable and unwanted. Methylene
blue (MB), a cationic dye, is most commonly utilized to col-
orize plastic, cotton and wood. The dye has been declared as
a hazardous material as it can cause many diseases like vom-
iting, diarrhea and skin irritation [6]. Therefore, the effective
MB removal from water is an important environmental issue
to be considered.

Biological, physical and chemical treatment technolo-
gies available for removing dyes from wastewater include
bacterial degradation, flocculation, photocatalytic mineral-
ization, etc. However, these methods have some drawbacks,
which involve cost, time and need of expertise for operation.
Wastewater containing synthetic dyes in low concentration
cannot be efficiently removed by these methods. Among the
many methods applicable for dye removal, adsorption is a
well-known heterogeneous separation technique, which is
easily applied, economical, non-toxic, simple and efficient
for removing various types of dyes even in low concentra-
tion from wastewater [6-9]. In recent years, different types
of adsorbents such as zeolites [10], geopolymers [11], kapok
[12], cellulose [13], cotton [14] and clay have been used to
eliminate dyes from dye-polluted water. The utilization of
biowastes as adsorbents has attracted great attention owing
to their low price, non-toxic nature, easy availability, etc. [15].

In this research work, due to abundance in Malaysia,
mangosteen peel (MP) was used as an adsorbent for the
elimination of MB from aqueous solution. The botanical
name of mangosteen is Garcinia mangostana. It belongs to
the Clusiaceae family and Garcinia genus. According to the
Malaysian Ministry of Agricultural and Agro-Based Industry
mangosteen production estimated was 29,520 ton/year in
2010, which in turn produced 17,712 ton of MPs. In fact,
each kilogram of mangosteen can produce 0.6 kg MP, which
is simply discarded/thrown unsafely in open space, and
left to rot and produce putrescible smell due to the hot and
humid environment in Malaysia. The objective of the current
research work is to investigate the use of this abundantly
available agricultural waste as an adsorbent for MB removal
from aqueous solution. Hence, addressing the waste disposal
as well as dye pollution problems simultaneously.

Presently, artificial neural network (ANN) modeling has
been shown to be an efficient method to develop a complex
relationship between variables. ANN has been used by vari-
ous researchers for the prediction of dyes and heavy metals
adsorption. However, limited research has been reported,
which analyses the use of ANN for MB dye adsorption onto
biomass from aqueous solution [19,20]. ANN is an important
technique to validate the experimental adsorption based on
predicted adsorption, generated by ANN model. This study
examined the implementation of ANN for the prediction
of MB adsorption from aqueous solution by MP. The batch
adsorption data (dose, pH, concentration and temperature)
was analyzed using ANN; the experimental and predicted
values were found to agree very well with each other. Surface
morphology and functional groups determination were con-
ducted using field emission scanning electron microscopy
(FESEM) and Fourier transform infrared (FTIR) spectroscopy,
respectively. The effects of MPs dose, pH of the solution, con-
tact time, dye concentration and temperature were studied
in dye removal process. Adsorption kinetics, isotherms and
thermodynamic studies were conducted and reported.

2. Experimental
2.1. Preparation of adsorbent and dye solution

MPs were obtained from a local market and dried at 45°C
for 48 h in an oven. The dried peels were ball milled into
powdered form, washed with distilled water twice and dried
at 45°C in an oven for 24 h and kept in a glass bottle for fur-
ther use. A stock solution of MB was prepared by dissolving
1.000 + 0.005 g of MB into 1 L of distilled water. The working
solutions of MB were prepared by diluting the stock solution
to desired concentration levels.

2.2. Characterization of adsorbent

The functional groups on the surface of MP before and after
sorption of MB dye were determined using FTIR spectroscopy
(PerkinElmer, Frontier, USA). The FTIR spectra were measured
in the range of 4,000-400 cm™ with five resolution using KBr
disk technique. Surface morphology of MP was studied by
FESEM using a JEOL-6700F, operated at the acceleration volt-
age of 10 kV and filament current of 60 mA. Surface area of MP
was determined by nitrogen adsorption—-desorption isotherms
using a surface area analyzer (Micromeritics ASAP 2020). The
total pore volume was estimated to be the volume of liquid
nitrogen adsorbed at a relative pressure of 0.98. Salt addition
method was used to determine point of zero charge (PZC) of
MP. In this method, 0.01 M solution NaNO, was prepared in
distilled water. 0.2 g of MP was added to 40 mL of 0.01 M NaNO,
solutions in different titration flasks and pH was adjusted to 2,
3,4,5,6,7,8,9,10, 11 and 12 using 0.01 M NaOH and 0.01 M
HNO, solutions. The flasks were then shaken for 24 h to reach
equilibrium. The resulting pH values were measured. The plot
of ApH (the difference between initial and final pH) vs. initial
pH gave the PZC value (the point where pH = 0).

2.3. Batch adsorption tests

To investigate the sorption of MB by MP, batch adsorp-
tion tests were performed using aqueous solutions of MB.
Effect of MPs dose (0.02-0.08 g), initial MB dye concentration
(50-150 mg/L), pH (2-12), temperature (298.15 K to 318.15 K)
and contact time (10-150 min) were evaluated. Table 1 shows
the overall summary of experimental design. The MB adsorp-
tion experiment was performed in 100 mL Erlenmeyer flasks
with 25 mL dye solution. The flasks were agitated using an
orbital shaker at 150 rpm. The summary of experimental
design is given in Table 1.

After shaking for desired time, the solid phases were
separated by filtration and the concentration of MB in super-
natant solution was measured by UV-Vis spectroscopy
(double beam UV-Visible spectrophotometer, Shimadzu
1800) at 664 nm with the regression coefficient of the standard
plot (0.995). The percentage removal (% R) and adsorption
capacity (q,) of MB were calculated using Egs. (1) and (2),
respectively [16]:
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Table 1
Summary of experimental design

C, (ppm) Amount of MPs (g) pH Time (min) T (°C)

50 (0.01, 0.02, 0.04,0.06, 0.08) 7 60 25

50 0.01 (2,4,6,8,10,12) 60 25

50, 100, 150 0.01 10 (10, 20, 30, 60, 90, 120) 25

50 0.01 10 60 (25, 35, 45)
where C, is the initial the concentration of MB, C, is the con- Input layer Hidden layer Output layer

centration of MB at any time, g, is the adsorption capacity at
any specific time, V is the volume of MB solution in liter and
M is the mass of MPs utilized.

2.4. Adsorption kinetic, isotherm and thermodynamic studies

Kinetic models, adsorption isotherms and thermody-
namic parameters were evaluated to determine the rate of
adsorption, the maximum adsorption capacity of the MP and
enthalpy and spontaneity of adsorption of MB on MP. For
kinetics study, the pseudo-first-order [17], pseudo-second-
order, intraparticle diffusion [18] and Elovich [19] models
were applied. To analyze the interaction of MB dye with MP,
Langmuir [20], Freundlich [21], Temkin [22] and Harkins—
Juar [23] isotherms were studied. Thermodynamic param-
eters, namely, change in standard enthalpy (AH°®), standard
Gibbs free energy (AG°) and standard entropy (AS°) were
calculated from experimental adsorption data recorded from
25°C to 45°C.

2.5. Artificial neural network

ANN is a data processing tool that consists of many
units called neurons or nodes. Neurons are arranged in
layer and within the layers; these neurons are connected to
each other by weights and biases. The first layer is termed
as input layer and the last layer is the output layer. There
is another layer between these two layers that is known as
hidden layer. In ANN architecture, the number of input neu-
rons is equal to the number of input variables. Whereas, the
output neurons are the desired output variables from the
network. Three stages are needed to be considered during
ANN applications, namely (1) training, (2) validation and
(3) testing. In training and validation stages, both the input
and the target data are introduced to the model, while only
input data are considered by the model in the testing stage
[14]. The network architecture used in this study is shown
in Fig. 1.

2.6. Selection of optimum number of neurons

In this study, a three-layered backpropagation neural
network with tangent sigmoid transfer function (tansig) at
hidden layer and a linear transfer function (purelin) at out-
put layer was used. Neural network toolbox of MATLAB
R2013a software was used to develop the ANN model to
describe MB adsorption. To determine the optimum number
of neurons that can accurately predict the adsorption of MB
on to MP based on 40 experimental sets of batch study, dif-
ferent number of neurons were tested. The optimization for

Dose (g)

pH

RN
SO
G

Adsorption capacity

Fig. 1. Artificial neural network archtecture.

Levenberg-Marquardt (LM) training algorithm was done by
varying the number of neurons in the range of 4-40. It was
found that at 16 number of neurons yielded the lowest mean
square error (MSE) of 0.0017 and highest R? of 0.99.

3. Results and discussion
3.1. Physical characteristics of MPs

FESEM is a useful technique to study the morphological
properties and surface features of materials. The SEM images
of MP (Fig. 2(A)) show the difference in morphology of MP
before and after MB adsorption. Before adsorption of MB
dye, MP exhibited rough and uneven surface with irregular
wide spaces (cavities). This uneven surface is assumed to be
the area of interaction which facilitates the adsorption of dye
molecules from aqueous solution. On the other hand, the sur-
face became homogenous and smooth after adsorption of MB
molecules, due to the coverage of surface and pores of MP
with MB molecules. The same phenomenon was also observed
for the adsorption of MB using different adsorbents [24].
Energy dispersive X-ray spectroscopy (EDX) spectra showed
increase in nitrogen content of MP after MB adsorption; con-
firming the adsorption of MB on MP (Fig. 2(B)).

FTIR is an important technique which gives information
about the characteristic functional groups present on the sur-
face of adsorbent, which make the adsorption process possi-
ble. The FTIR spectra of MP before and after MB adsorption
are shown in Fig. 3(A). The spectra contain many adsorption
peaks, which indicate the complexity of MP. The presence of
a broad peak at 3,433 cm™ is due to the stretching vibration
of -OH groups present on the surface of MP. The presence
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Fig. 3. (A) FTIR spectra of MP (a) before and (b) after MB adsorption, (B) N, adsorption-desorption of MP and (C) P, of MP.
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of a broad band at 2,927 cm™ is assigned to the asymmetric
stretching vibration of methyl —-CH, groups. The stretching
vibration of carbonyl (-C=0) group with intermolecular -H
bond appeared at 1,620 cm™. The peak at 1,457 cm™ indi-
cates the presence of -CH, symmetric bending. The pres-
ence of a peak at 1,382 cm™ is due to the existence of -CH,
and —-CH, groups. The FTIR analysis shows MP containing a
large number of hydroxyl and carboxylic groups, which are
considered as active sites for interaction and therefore make
the adsorption of cationic dyes possible. Fig. 3(A) shows that
after MB adsorption, the stretching vibration peak of -OH
and carbonyl (-C=0O) groups with intermolecular hydrogen
bonding are shifted from 3,433 to 3,408 cm™ and from 1,620
to 1,617.31 cm™, respectively. This observation is in line with
previous study.

N, adsorption-desorption isotherm for MP is shown in
Fig. 3(B). The texture properties for MP using N, adsorption—
desorption isotherm is given in Table 2. According to the
IUPAC system, the isotherm is type II. This sample has very
low pore volume and therefore yielded type II isotherm.

3.2. Effect of operating factors

3.2.1. Effect of solution pH

pH of solution plays an effective role in the uptake
of MB molecules from aqueous solution. The pH of dye

Table 2

Texture properties of mangosteen peel waste
Sper (M%/g) 3.787
Pore volume (cm?®/g) 0.00289
Pore width (A) 30.517
Pore diameter (A) 57.87
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solution provides the information about the cationic (pH =
0-6.9) or anionic (pH = 7.1-14) charged species. The pres-
ence of charge centers on both adsorbate and adsorbent are
very important in deciding the favorability of adsorption
by either deprotonation or protonation resulting in the
attraction or repulsion of their counter ions. The effect of
pH on the adsorption of MB was studied in the pH range
of 2-12 at 25°C with an initial MB concentration 50 mg/L
and adsorbent dose 0.02 g. The adsorption capacity of MP
as functions of pH of the solution is shown in Fig. 4(a).
The results demonstrated that with the increase of pH of
the solution from 2 to 10, the adsorption (%) and adsorp-
tion capacity of MB increased from 61.93% to 98% and
from 38.7 to 61.2 mg/g, respectively. At acidic pH (below
pH 6), the existence of the excess amount of H" competes
with MB molecules for the binding sites present on the
MP surface, which leads to decrease in uptake of MB from
aqueous solution. At higher pH (above pH 7), the func-
tional groups of the adsorbent become more negatively
charged resulting in the increase of electrostatic interac-
tion between counter ions of MPs and MB dye. Therefore,
it was concluded that pH value of 10 is optimal for the dye
removal from aqueous solution. Hameed and Ahmad [25]
also found the maximum adsorption capacity of MB dye
on garlic peel at pH 10.

The results are also in good agreement of point of zero
charge (P,.) of MP, which is found to be 8.3 as shown in
Fig. 3(C). At this pH_, the surface charge of MP is zero.
Therefore, at pH <pH_ , the MP carries net positive charge
decreasing the uptake of cationic MB dye from aqueous
solution. While at pH > pH_, the presence of H' ions are
decreased in the solution due to increasing pH of the solu-
tion. At basic pH the functional groups are more negatively
charge which in turn increase the adsorption of MB from
aqueous solution. Fig. 4(a) shows that the experimental val-
ues are in good agreement with the ANN predicted values.
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Fig. 4. Effect of (a) pH of solution, (b) adsorbent dose and (c) time and dye concentration on the adsorption capacity of MP.
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3.2.2. Effect of adsorbent dose

The effect of adsorbent dose on dye removal was
studied with amounts of MP ranging from (0.01 to 0.08 *
0.005 g) with an initial MB concentration 50 mg/L, contact
time 60 min and using optimal pH of 10. The result demon-
strated that with an increase in MP dose from 0.01 to 0.08 g,
the percentage removal of dye increased from 94.67% to
99.42%. However, there is no considerable change in per-
centage removal of MB when adsorption dosage increased
from 0.06 to 0.08 g; indicating that adsorption was almost
completed.

Fig. 4(b) shows that with an increase in MP dose from
0.01 to 0.08 g, adsorption capacity decreased from 118.34
to 15.50 mg/g. Maximum adsorption capacity of MB was
observed using 0.01 g of MP dose. The increase in percent-
age removal of MB with MP dose is due to the availability
of more binding sites on the surface of MPs for dye mol-
ecules. However, with the increase of adsorbent dose the
adsorption capacity decreased due to the inverse relation
between the adsorbent dose and adsorption capacity as
shown in Eq. (2). At higher adsorbent dose, the decrease in
adsorption capacity is attributed to the excess adsorption
sites available.

3.2.3. Effect of contact time and initial MB concentration

The effect of contact time (10-150 min) and initial con-
centration of MB (50-150 mg/L) on adsorption capacity was
investigated at the optimal pH of 10 and adsorbent dose of
adsorbent (0.01 g). The obtained results are graphically pre-
sented in Fig. 4(c). The result illustrates that the process of
adsorption is rapid and equilibrium was achieved within
60 min as indicated no increase in g, with further increase
in contact time. The initial rapid increase in g, is due to the
availability of free binding sites on MP for MB ions to interact
with and bind, while at a longer contact time, the maximum
adsorption capacity was constant due to saturation of active
sites of the adsorbent. Similar trend has also been reported in
the literature [26].

To examine the effect of initial dye concentration on
adsorption capacity under optimal conditions, three dif-
ferent solution concentrations (50, 100 and 150 mg/L) were
used and the obtained results are shown in Fig. 4(c). The data
indicate that the adsorption capacity increased from 123.01
to 272.99 mg/L with an increase in MB concentration from
50 to 150 mg/L. This increase in adsorption capacity with
the increase of the initial concentration of dye is due to the
availability of more dye molecules to adsorb on MP. Another
possible reason for the increase in adsorption capacity with
an increase in adsorbate concentration was the higher mass
transfer driving force that caused increased interaction
between MB molecules and the adsorbent. Fig. 4(c) shows
the ANN predicted values and experimental values of MB
adsorption on MP are very close to each other. Thus, ANN
model can predict the adsorption of MB dye on MP precisely.

3.3. Kinetic study of adsorption

The kinetics study of adsorption is important to cal-
culate the mechanisms involved in the process. Four

kinetic models, namely, Langenargen pseudo-first-order,
pseudo-second-order, intraparticle diffusion and Elovich
models were evaluated. Eq. (3) represents the linear form of
pseudo-first-order kinetic model:

kl
t 3
2303 ©

log(q, —q,)=logq, -

where k, (min™) is the rate constant for pseudo-first-order
model, ¢ (min) is contact time and g, (mg/g) and g, (mg/g) are
the amounts of MB adsorbed at equilibrium and at any time,
respectively. The pseudo-first-order kinetic model shows a
direct relationship between log(g, —¢,) and ¢ (Fig. 5(a)), allow-
ing determination of the values of k, and g, from the slope
and intercept, respectively.

The linear form of pseudo-second-order kinetic model
can be written as:

t 1 t

= + —
9, ka4,

4)

where k, (g/mg min) is the rate constant for pseudo-
second-order kinetics. The plot of t/g, against time ¢
gives a straight line with slope 1/, and intercept 1/k,q?
(Fig. 5(b)). The values of kinetic coefficients obtained for
pseudo-first-order and pseudo-second-order kinetic models
along with regression coefficient (R?) are listed in Table 3.
The values of regression coefficient for adsorption of MB
using pseudo-first-order and pseudo-second-order kinetic
models are 0.887 and 0.999, respectively. The result demon-
strates that the adsorption of MB on MP using pseudo-
second-order model not only shows very good curve fitting
in term of regression coefficient (R* = 0.999) R? but also
shows good agreement between experimental and calcu-
lated values of adsorption capacity.

The intraparticle diffusion model is an important kinetic
model mostly used for explanation of diffusion mechanism
of adsorption. The intraparticle diffusion model is as shown
in Eq. (5):

g, =kyt" +C ©)

where k, (mg/g min) is the rate constant for intraparticle
diffusion and C is intercept of the line with the g, axis
and indicates boundary layer thickness [27]. The plot
for g, vs. 1% is shown in Fig. 5(c) and the obtained data
are summarized in Table 4. The low values of regression
coefficient (R* 0.5244-0.2589) suggest that intraparti-
cle diffusion model does not represent the adsorption of
MB on MP. The positive values of intercept reflect larger
boundary effect and processes involved in adsorption
other than intraparticle diffusion. Initially, the boundary
of the interface was thin so the rate of diffusion should be
faster; as interface boundary becomes thicker, the diffu-
sion rate should decrease.

Another important kinetic model based on adsorption
capacity is the Elovich model which assumes that the adsorp-
tion sites increase exponentially with adsorption, implying
multilayer adsorption. Elovich model is mathematically
shown in Eq. (6):
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Table 3

Int

Kinetics parameters for adsorption of MB on MPs using pseudo-first-order and pseudo-second-order models
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G, Pseudo-first-order kinetic Pseudo-second-order kinetic
9o (M8/B) 4y (Mg/8) k, (min”) R 9ea (ME/8) k,(g min/mg) R*
50 123.01 9.3269 0.03436 0.632 124.37 0.007816 0.999
100 241.86 29.9847 0.03636 0.871 246.30 0.003391 0.999
150 271.44 35.1625 0.03111 0.864 277.00 0.002692 0.999
Table 4
Kinetics parameters for MB adsorption on MPs using intraparticle and Elovich models
G, Intraparticle diffusion model Elovich model
C k, R? B A k (g min/mg) R?
50 109.887 0.235 0.5244 8.259 265,504.53 0.00475 0.8824
100 216.370 0.474 0.3488 16.124 604,425.19 0.00210 0.7405
150 248.237 0.427 0.2589 13.653 64,345,068 0.00209 0.6539

q,= %ln(a.ﬁ) + %ln(t)

(©)

where a (g/g min) is the initial adsorption rate and 3 (g/g)
is the adsorption constant. A plot of g, against In(t) gives a
straight line with a slope 1/3 and intercept (1/B) In(af3). The
Elovich plot is shown in Fig. 5(d) and the values of constants
are listed in Table 3. The lower values of regression coefficient
indicate that the covering of adsorption sites that implies

multilayer adsorption does not follow the adsorption of MB
onto MP in the studied concentration range. The similar trend
has been studied by other researchers elsewhere [28].

3.4. Thermodynamic study
3.4.1. Effect of temperature

The effect of temperature on dye removal onto MP
was studied at 25°C, 35°C and 45°C under optimized
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experimental conditions (adsorbent dose 0.01 g, pH 10 and
t 60 min). The temperature effect on the capacity of adsorp-
tion is presented in Fig. 6(a). The adsorption capacity was
found to be 118.34, 119.03, 119.90, 120.54 and 121.20 mg/g
at 25°C, 30°C, 35°C, 40°C and 45°C, respectively. High tem-
perature may produce a swelling effect within the internal
structure of MP enabling MB molecules to penetrate further
[29]. The increase in the capacity of adsorption of dye onto
MP at higher temperature indicates the endothermic nature
of the adsorption.

To examine the spontaneity, randomness and heat of
adsorption of MB on MP, various thermodynamic param-
eters, namely, change in standard Gibbs free energy (AG®),
standard entropy (AS°) and standard enthalpy (AH®) were
estimated by the following equations:

P
°C

e

)
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AG® =—RTInK, @)
0 0
Ik, =252 ©)

where K_is the equilibrium constant, T is the absolute
temperature (K) and R (8.314 J/mol K) is the universal gas
constant. The values of AH® and AS° can be calculated from
the slope and intercept of the linear plot of InK vs. 1/T
(Fig. 6(b)). The change in Gibbs free energy can be deter-
mined using Eq. (8). The obtained values of thermodynamic
parameters are summarized in Table 5. The negative value
of AG® for adsorption of MB on MP at all temperatures
indicates the feasibility and spontaneity of the process. The
chemical or physical nature of adsorption could be recog-
nized by the AG® value of the process. If AG® value lies in
range of 0-20 kJ/mol, the adsorption is physical in nature,
while if AG® is within the range from -80 to —400 kJ/mol,
the process can be assigned as chemical adsorption [30].
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Fig. 6. (a) Arrhenius plot, (b) van't Hoff and (c) sticking probability plot for MB adsorption on MP.

Table 5

Thermodynamics parameters for MB adsorption on MP
T (K) AG® (kJ/mol) AH? (k]J/mol) AS° (J/mol K) R? S* E, (kJ/mol)
298.15 -9.40 23.447 109.51 0.993 7.21x10° 22.10
303.15 -9.85
308.15 -10.44
313.15 -10.98
318.15 -11.58
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Kumar and Barakat [31] described the criteria for physical
adsorption based on AH®: 4-10kJ/mol (van der Waals forces),
5 kJ/mol (hydrophobic bonding forces), 2-40 k]J/mol (hydro-
gen bonding forces), 40 kJ/mol (coordination exchange),
2-29 kJ/mol (dipole bonding forces) and 60 kJ/mol (chemi-
cal adsorption). The positive change in AH® (23.040 kJ/mol)
and AS° implies that MB adsorption on MP is endothermic
and spontaneous in nature [32]. It is thus, assumed from
the AH® value that the adsorption of MB on MP is due to
physical interaction.

To further confirm that physical adsorption is predom-
inant, the sticking probability (5*) and activation energy
(E,) values were calculated by applying modified Arrhenius
Eq. (10) related to surface coverage (0) as follows [33]:

s =(1-0)eE/ (10)
Ce

e={1—Cb} (11)

In(1-6)=InS" + E, (12)
- RT

where 0O is the surface coverage and is equal to 1 - C/C,.
The values of S* and E, can be estimated from the inter-
cept and slope by plotting (1 — 0) vs. 1/T (Fig. 6(c)). The
value of $* must lie in the range 0 < §* <1 for the process to
be probable and depend on the temperature of the system.
The values of S* and E, are 7.21 x 10 and 22.10 kJ/mol,
respectively. The parameter S* represents the potential of
MB to remain on the surface of MP to be indefinite [34]. The
positive value of E is an indication of endothermic nature
of adsorption and therefore occurs at a high temperature of
the solution.

3.5. Isotherm study

This study was conducted to correlate the capacity of
adsorption and the residual concentration of MB molecules
present in the solution. Four isotherm models were used,
namely, Langmuir [20], Freundlich [21], Temkin [22] and
Harkins—Juar [23] isotherms. Langmuir isotherm model
assumes that the adsorbent surface contains homogeneous
binding sites having identical adsorption energies and
involves monolayer adsorption of MB. The linear form of
Langmuir isotherm can be written as:

G = L + L.CE (13)
q, bQ, Q,

where Q, (mg/g) is the capacity of adsorption and b (L/mg),
called Langmuir constant, represents the energy of the sorp-
tion process.

Freundlich isotherm is an empirical relationship between
g, and C, that assumes heterogeneity of the system. The
Freundlich constants K, and 7 can be calculated from the fol-
lowing linear form of the isotherm:

Ing, =InK, +llnCe (14)
n

where K, is Freundlich constant and 7 is the intensity of
adsorption. 1/n value indicates sorption favorability, n > 1
shows favorable adsorption condition.

Temkin isotherm model can be linearized as:

q,=BInA+BInC, (15)
where A and B are Temkin isotherm constants (L/g) and the
heat of adsorption (J/mol), respectively. Their values can be
obtained from the intercept and plot of g, vs. InC, [11].

The straight form of Harkins—Jura isotherm model
assumes multilayer adsorption and could be explained by
the presence of heterogeneous pore distribution. Its linear
form is given in Eq. (16):

(16)

where A and B are constants and can be obtained from the
plot of 1/g.> and InC,. Various isotherm models are graphi-
caly shown in Fig. 7. The results confirmed that adsorption
of MB on MP followed Langmuir isotherm. The Langmuir
isotherm showed very good fitting in terms of regres-
sion coefficient (R? = 0.998) and the obtained adsorption
capacity is very close to experimentally determined value.
Agarwal et al. [35] also found that the adsorption of MB on
Ephedra strobilacea sawdust obeyed Langmuir adsorption
isotherm.

Langmuir constant is further used to predict the dye and
adsorbent interaction by using Eq. (17):

R o[ 1
1+K,C,

where R, is a dimensionless parameter, which gives information
about the adsorption of dyes on the adsorbent. There are four
possible scenarios of R, if the adsorption is linear (R, = 1), favor-
able (0 <R, <1), unfavorable (R, > 1) or irreversible (R, =0). The
calculated value of R, using Eq. (17) is 5.7 x 10%; confirming that
the adsorption of MB on MP is favorable.

(17)

3.6. Performance of MPs in MB removal

Table 7 shows the adsorption of MB on different
biosorbents as reported by researchers [37-43]. The compar-
ison confirms that the adsorption capacity of MB on MP is
substantially higher than that of other biosorbent. Palapol et
al. [36]reported high adsorption of MB using activated car-
bon synthesized from MP. However, the MP without any
treatment has better potential to remove MB.

4. Conclusions

MPs were investigated as potential biosorbent for the
removal of MB from aqueous solution. MPs showed highest
adsorption capacity for MP (272.9 mg/g) at pH = 10, adsor-
bent dose = 0.01 g, time = 60 min and initial MB concentra-
tion 150 mg/L. Optimum number of neurons were found
to be 4 for LM training algorithm with the highest value
of R* = 0.997 and lowest MSE of 2.972. The kinetic study
revealed that pseudo-second-order model was best suited
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Fig. 7. Different isotherms plot for methylene blue adsorption on MP.

Table 6
Adsorption isotherm parameters calculated for MB adsorption on MPs using different adsorption isotherm models
Type Linear form Plot Parameters
Langmuir G_1 .G C e Q,=289.01
9. vQ, Q 9. b=1.145
R*=0.998
R, =57x107
Freundlich Ing, =InK, +11nC, Ing,vsC, 1/n=0.2723
n K, =2.160
R*=0.694
Temkin g, =B, Ink, + B,InC, g, vs Inc, B=51.11
R*=0.768
in— 1 B 1 =
Harkin-Jura ~=2-—InC, 1 vsInc A=-284.09
. A A 7 ‘ B=-2.0255
R?=0.62974

(R?=0.999) to describe adsorption of MB dye on MP com-
pared with other kinetic models studied. The isotherm
study showed that the adsorption phenomenon followed
the Langmuir isotherm model, dominated by electrostatic
interaction between adsorbent and adsorbate. The positive

value of AH® and negative value of AG® confirmed that MB
adsorption on the MP is spontaneous and endothermic in
nature. Hence, it can be concluded that MP could be used
as a potential, low cost, efficient and effective adsorbent for
MB removal from aqueous solution.
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Table 7

MB adsorption capacity of different biosorbents [37-43]
Biosorbent q, (mg/g) Reference
Potato peel 105.26 [37]
Saw palmetto spent 71.00 [38]
Jackfruit 114.69 [39]
Broad bean peels 192.72 [40]
Pumpkin seed hull 141.92 [41]
Pineapple stem 119.05 [42]
Garlic peel (GP) 82.64 [43]
Mangosteen peel (MP) 289.01 This work
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