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ABSTRACT

In this study, papaya stem, an agricultural biomass abundantly available in Malaysia, was
utilized as low-cost adsorbent for removing methylene blue from the aqueous solution. The
textural and functional characterization was evaluated using the scanning electron micros-
copy and Fourier transform infrared analysis. The adsorption data were simulated using the
nonlinear Langmuir, Freundlich and Temkin isotherm models. Kinetic modeling and adsorp-
tion mechanism were fitted to the pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models. Thermodynamic parameters, enthalpy, entropy, and Gibb free energy
changes were established. Equilibrium data were best described by the Langmuir isotherm
equation, with a monolayer adsorption capacity of 260.95mg/g. The results supported the
potential use of papaya stem as an efficient adsorbent for the treatment of cationic dye.
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1. Introduction

Papaya (Carica papaya) is a plant species belongs to
the genus Carica and family of Caricaceae [1]. It is a sin-
gle-stem plant, growing from 5 to 10m tall, with spi-
rally arranged leaves confined to the top of the trunk
[2]. Papaya tree is planted for its fruits. The ripe fruit is
primarily eaten fresh, while the unripe fruit can be
eaten cooked, usually in curries, salads, and stews. The
black seeds, which have a sharp, spicy taste, are
grounded and used as a substitute for black pepper [3].
However, the papaya stem, which has low-economic
use, is usually burnt as fuel or discarded as waste.

*Corresponding author.

Over the years, adsorption is recognized as a
promising and most widely used technique in the
wastewater treatment processes [4]. For this purpose,
activated carbon, an adsorbent with its large porous
surface area, controllable pore structure, and low
acid/base reactivity [5], has been proven to be effec-
tive for removing a wide variety of pollutants, even
from the gaseous environment [6]. The biggest barrier
of its application by the industries is the cost-prohibi-
tive adsorbent and difficulties associated with regener-
ation [7]. This has exerted to a growing exploitation to
investigate the suitability of renewable and low cost
materials as alternative adsorbents in the water
pollution control [8]. This study was carried out
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intended to examine the adsorption potential of
papaya stem as a low-cost adsorbent for removing
methylene blue dye from the aqueous solutions. The
morphological and functional characterization of the
prepared adsorbent was performed. Moreover,
the effect of initial dye concentration, contact time,
solution pH, adsorption isotherm, kinetics, thermody-
namics, and mechanism are elucidated.

2. Materials and methods
2.1. Adsorbate

Methylene blue (MB), a basic dye with the molecu-
lar structure C;6H;5N3CIS, supplied by Sigma-Aldrich
(M) Sdn. Bhd, Malaysia was chosen as the model
adsorbate in this study. The standard stock solution
was prepared by dissolving accurately weight dye in
distilled water to a concentration of 1,000mg/L. The
experimental solutions were prepared by diluting the
stock solution in accurate proportions to the desired
concentrations.

2.2. Preparation and characterization of adsorbent

Papaya stems required in this work were collected
from a local papaya plantation area. The precursor
was cleaned, cut into small pieces (1-2cm), grounded
and screened to a particle fraction of 500 um. The sam-
ple was then washed repeatedly with hot distilled
water, dried at 70°C, and stored in plastic containers.
The textural structure of the adsorbent before and
after the adsorption of dye was analyzed using the
scanning electron microscopy (SEM). The surface
functional groups were detected by Fourier transform
infrared (FTIR) spectroscope (FTIR-2000, PerkinElmer)

from 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 within the con-
centrations of 50-300mg/L. The mixture was agitated
at 120rpm and 30°C for 360 min until the equilibrium
was reached. All samples were filtered using a syringe
filter (Whatman 0.45 pm) prior to analysis to minimize
interference of adsorbent fines with the analysis. The
concentration of MB dye solution was determined
using a double-beam UV-vis spectrophotometer
(UV-1601 Shimadzu, Japan) at 668 nm. Each experiment
was duplicated under identical conditions. The MB
uptake at equilibrium, g. (mg/g), was calculated by:
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where Cy and C, (mg/L) are the liquid-phase concen-
trations of dye at initial and equilibrium, respectively.
V is the volume of solution (L), and W is the mass of
adsorbent used (g). The effect of solution pH on the
adsorptive uptake of MB was examined by varying the
solution pH from pH 2 to 10, at the fixed MB concentra-
tion of 200mg/L, adsorbent dosage of 0.15g/100 mL
and adsorption temperature of 30°C. The initial pH of
the dye solution was adjusted by addition of 0.10M
solution of HCI or NaOH. The procedure of adsorption
kinetic 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 —-CY)V
=" (2)
where C, (mg/L) is the liquid-phase concentrations of
dye at time t (min).

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

The scanning electron micrographs (SEM) of the
papaya stem derived adsorbent before and after the
adsorption of MB is depicted in Fig. 1. From Fig. 1, it
can be clearly seen that the adsorbent surface showed
an even and heterogeneous structure (Fig. 1(a)), indi-
cating good possibility for the dyes to be trapped and
adsorbed. However, the surface of the dye-loaded
adsorbent displayed a rougher texture, covered with
the adsorbed MB dye molecules (Fig. 1(b)).

The representative FTIR spectrum of the papaya
stem derived adsorbents before and after the
adsorption of MB is shown in Table 1. The trans-
mittance at 3,427/3,421, 2,920/2919, 1,735 and
1,624/1,621cm™" are corresponded to the hydroxyl
(-OH), alkyl (-CHj), carbonyl (C=0O) and C=C
groups of alkene. The sharps peaks at 1,508/1,491,
1,423, 1,394, 1,375, 1,356, and 1,318/1,317cm™ ' are
ascribed to the presence of NHj, C-O dimmers,
H-C=0 bends aliphatic aldehydes, -CHj;, NO, aro-
matic nitro compounds and —CHj; groups of ben-
zene. The signals at 1,253/1,251, 1,157/1,152, 1,101
and 1,058/1,055cm ™! are associated with the C-O-
C, C-N, -C-NH; primary aliphatic amines and
S=0 alkyl sulfoxides derivatives and intensive
peaks at 1,035, 895/886, 781 and 667cm™! are
related to the P-O-C, out-of-plane CH, C-Cl and



Fig. 1. SEM micrographs (100 X) for the papaya stem-
derived adsorbent (a) before and (b) after the adsorption
of MB.

C-O-H functionalities. Meanwhile, the surface
chemistry of the papaya stem derived adsorbent
revealed some shift, disappear and new peaks after
the adsorption of MB, indicating possible
involvement of the functional groups during the
adsorption process.

3.2. Batch adsorption studies

The effects of contact time and initial dye concen-
tration on the adsorptive uptake of MB is displayed
Fig. 2. The adsorptive uptake of MB increased with
prolonging the contact time. The plots can be divided
into three distinct regions: rapid adsorption during
the early stage, gradual adsorption till the equilibrium
state and a plateau. At this point, the dye desorbing
from the adsorbent is in a state of dynamic equilib-
rium with the amount of dye being adsorbed onto the
adsorbent. The time required to attain this state of
equilibrium is termed as equilibrium time [9]. This
phenomenon is attributed to the reduction of immedi-
ate solute adsorption due to the lack available open
sites for dye adsorption, which in turn supported film
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diffusion [10]. Similar behavior was observed in the
adsorption of MB onto Shaddock peel and clay
particles [11,12].

Initial concentration provides a driving force to
overcome mass transfer resistances of dye molecules
between aqueous solution and the solid medium [13].
In the present study, the adsorption equilibrium of
MB, g. increased from 34.90 to 163.15mg/g with an
increase in initial concentration from 50 to 300 mg/L.
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 papaya stem [14].

Solution pH affects adsorption by regulating the
dissociation of adsorbents surface charge as well as
degree of ionization of adsorbates present in the solu-
tion (Fig. 3). It is evident from Fig. 3 that increasing
solution pH from 2 to 10 indicated an increasing g
from 46.78 to 124.60 mg/g, with a significant enhance-
ment as the solution pH increased from 2 to 4. Lower
adsorption at strong acidic pH is due to the presence
of H;O" ions competing with dye cations for the
adsorption sites. In the basic medium, the number of
negatively charged sites increased, and the formation
of electric double layer changes its polarity, which
favors the adsorption of MB cations [15]. The result is
in good agreements with the previous studies [16,17].

3.3. Adsorption isotherm

In the endeavor to explore novel adsorbents in
accessing an ideal adsorption system, it is essential to
establish the most appropriate equilibrium correlation,
which is indispensable for reliable prediction of
adsorption parameters for varied experimental
conditions [18]. Due to the inherent bias resulting from
linearization, alternative isotherm parameter sets were
determined by non-linear regression. The equilibrium
data were modeled using the Langmuir [19], Freund-
lich [20] and Temkin [21] isotherm models.

Langmuir isotherm [19] assumes monolayer
adsorption with adsorption can only occur at a finite
number of localized sites that are identical and equiv-
alent. Langmuir isotherm is defined as follows:

_ QOKLCe
9e=1¥K.C. (3)

where Qp (mg/g) and Ky (L/g) are Langmuir
constants related to adsorption capacity and energy of
adsorption.

Freundlich isotherm [20] is a relationship describing
the nonideal and reversible adsorption. The model
assumes multilayer adsorption, with nonuniform
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Table 1
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Comparison of Fourier transform infrared spectroscopy (FTIR) of the papaya stem-derived adsorbent before and after the

adsorption of MB

IR peak Frequency (cm ) Assignation
Before adsorption After adsorption
1 3,421 3,427 Bonded —-OH groups
2 2,920 2,919 Two bands for -CH,— groups
3 1,735 1,735 C=0 stretching
4 1,624 1,621 C=C stretching
5 1,508 1,491 NHZ deformation
6 1,423 - In-plane -OH bending and C-O stretch of dimmers
7 - 1,394 H-C=0 bends aliphatic aldehydes
8 1,375 - CHj; deformation
9 - 1,356 -NO, aromatic nitro compounds
10 1,318 1,317 —CHj; attached to a benzene ring
11 1,253 1,251 C-0O-C stretch
12 1,157 1,152 C-N stretching
13 - 1,101 —C-NH; primary aliphatic amines
14 1,055 1,058 5=0 alkyl sulfoxides
15 - 1,035 P-O-C strongest band highest frequencies for aliphatic amines
16 895 886 CH out-of-plane deformation
17 781 781 C—ClI stretch
18 667 667 C-O-H twist broad
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Fig. 2. Effects of initial concentration and contact time on
the adsorptive uptake of MB onto the papaya stem-derived
adsorbent (conditions: W=0.30g/200mL; temperature=
30°0).

distribution of adsorption heat and affinities over the
heterogeneous surface.

(4)

where Kr (mg/g) (L/mg)l/” and 1/n are the
Freundlich adsorption constant and a measure of
adsorption intensity.

Temkin isotherm [21] assumes that the heat of
adsorption of all molecules in the layer would
decrease linearly rather than logarithmically with

Je = KFCi./H

pH

Fig. 3. Effect of solution pH on the adsorption of MB onto
the papaya stem-derived adsorbent (conditions:
W=0.30g/200mL; Cy=200mg/L; temperature 30°C).

surface coverage. Temkin isotherm has been used in
the form of:

e = Bll’l(A Ce) (5)
where B=RT/b, and b (J/mol), A (L/g), R (8.314]/
molK) and T (K) are the Temkin constant related to
heat of sorption, equilibrium binding constant, gas
constant and absolute temperature.
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Fig. 4. Plots of Langmuir, Freundlich and Temkin isotherm
models for the adsorption of MB onto the papaya stem-
derived adsorbent at 30°C.

Fig. 4 and Table 2 show the plots of isotherm mod-
els couple with the isotherm constants. The equilib-
rium data agreed satisfactory with the Langmuir
isotherm model, with the R higher than 0.99 at 30°C.
The correlation coefficient, R? fitted with Freundlich
and Temkin isotherm model was found much lower
than the Langmuir isotherm model. The result sug-
gested that the adsorption process is monolayer with
each molecule poses equal enthalpies and activation
energy. The findings also demonstrated no interaction
and transmigration of dyes in the plane of the neigh-
boring surface. A comparison of the monolayer
adsorption capacities of MB onto various adsorbents
[17,22-28] is listed in Table 3. The adsorbent prepared
in this work showed relatively high adsorption

Table 2
Langmuir, Freundlich and Temkin isotherm constants for
the adsorption of MB onto papaya stem-derived adsorbent

Isotherm Constants
Langmuir isotherm model

Qo (mg/g) 260.95
Ky (L/mg) 0.019
R? 0.998
Freundlich isotherm model

Kg (mg/g) (L/mg)'/" 12.24
n 1.70
R? 0.993
Temkin isotherm model

AL/g) 0.23

B 52.76

R? 0.977
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capacity for MB of 260.95mg/g, as compared to some
previous works as reported in the literature.

3.4. Adsorption kinetics

Adsorption kinetics describes the solute uptake,
which governs the mechanism of the adsorption
process [29]. Lagergren [30] proposed pseudo-first-
order kinetic model in the form of:

qe _ kl
on(25) = 2363 ©

where k; is the adsorption rate constant (1/min).
Pseudo-second-order equation [31] 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

AN 7
where k; (g/mgmin) is the pseudo-second-order
kinetic rate constant. The values of k; were obtained
from the slopes of the linear plots of log [g./(ge —41)]
vs. t, as shown in Fig. 5(a). The linear plot of t/g; vs. t
gave 1/g. as the slope and 1/k, g* as the intercept
(Fig. 5(b)). The corresponding results are tabulated in
Table 4. The result revealed good agreement with the
pseudo-second-order kinetic model, with the correla-
tion coefficients greater than 0.97 for all MB concentra-
tions. Moreover, the experimental g. values agreed
satisfactory with the calculated g. values obtained

Table 3
Comparison of adsorption capacities of various adsorbents
for MB

Adsorbent Qo Temperature Reference
(mg/g) (O
Papaya stem 26095 30 This study
Cottonseed hull 185.22 30 [17]
Natural zeolite 19.94 25 [22]
Natural palygorskite 48.39 30 [23]
clay
Fly ash 10.20 30 [24]
Graphene 153.85 [25]
Rice straw activated  129.50 25 [26]
carbon
Durian peel 284.00 30 [27]
activated carbon
Pine wood activated 200.00 30 [28]

carbon
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Fig. 5. Plots of (a) pseudo-first-order and (b) pseudo-
second-order kinetic models for the adsorption of MB onto
papaya stem-derived adsorbent at 30°C.

theoretically. This showed that the adsorption of MB
onto the papaya stem-based adsorbent followed
pseudo-second-order equation, which suggested that
chemisorption, which involved valency forces through
electrons sharing between MB and the adsorbent is
the rate-limiting step.
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3.5. Adsorption thermodynamics and mechanism

Adsorption thermodynamic is an important tool
elucidating the adsorption behavior of an isolated
system [32]. In this work, the effect of solution
temperature on the adsorption process was conducted
at the adsorption temperature of 30, 40, and 50°C. The
values of enthalpy change (AH), Gibbs free energy
change (AG), and entropy change (AS) were computed
following the equations:

AS AH
AG = —RT InK,. 9)

where R (8.314]/molK) is the universal gas constant,
T (K) is the absolute solution temperature and K, (L/
mg) is the Langmuir isotherm constant.

Positive AS (91.67]/molK) indicates the affinity of
papaya stem and increasing randomness at the solid/
solution interface during the adsorption process.
Negative AH (—17.99kJ/mol) illustrates exothermic
nature of the adsorption process, where increasing
temperature showed a gradually decrease in adsorp-
tive uptake, due to the weakening of adsorptive forces
between the active sites and the dye species, and
between the adjacent dye molecules on the adsorbed
phase. Positive AG reflects nonspontaneous nature of
the adsorption process at the studied temperatures.
The value of AG was 9.97k]/mol at 30°C, and this AG
value turned higher at higher operating temperature
of 40 (10.30kJ/mol) and 50 (11.83kJ/mol) °C. This
shows that the reaction rate decreased with increasing
the operating temperature. The results were consistent
with the earlier findings, where the adsorption of MB
onto papaya stem was exothermic in nature. Similar
trend was reported for the adsorption of Acid Orange
dye onto Paulownia tomentosa Steud. leaf powder [33].

Table 4

Kinetic models parameters for the adsorption of MB onto papaya stem-derived adsorbent at different initial MB
concentrations

Co (mg/L) Pseudo-first-order kinetic model Pseudo-second-order kinetic model

de, exp (mg/g) e, cal (mg/g)

50 35.03 25.02 0.014
100 57.60 44.44 0.013
150 87.60 72.74 0.011
200 116.09 93.67 0.009
250 142.76 119.95 0.009
300 162.60 141.12 0.001

k1 (1/min) R?

e, cal (mg/g) k2 (g/mg mm) R2

0.996 38.02 0.0009 0.976
0.993 62.11 0.0005 0.991
0.888 87.72 0.0004 0.996
0.985 119.05 0.0002 0.991
0.968 144.93 0.0001 0.994
0.972 175.44 0.0001 0.996
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Fig. 6. Plots of intraparticle diffusion model for different
initial MB concentrations at 30°C.

The adsorption mechanism was further analyzed
using the intraparticle diffusion model, an empirical
model [34] describing the relationship for the adsorp-
tive uptake of MB proportional to t'/%
gi = kigt'* 4+ C (10)
where C is the intercept and kiq4 is the intraparticle dif-
fusion rate constant (mg/gmin®”).

The intraparticle diffusion plots for the adsorption
of MB onto the papaya stem-derived adsorbent of the
concentrations of 50-300 mg/L are presented in Fig. 6.
The first region is the instantaneous adsorption, repre-
senting the mass transfer of adsorbate molecules from
bulk solution to the adsorbent surface. The second
region is the gradual adsorption stage. The third region
is the final equilibrium stage, where intraparticle diffu-
sion started to slow down due to the extremely low
adsorbate concentrations left in the solutions [35].

Refer to the intraparticle diffusion plot (Fig. 6), the
linear lines of the second and third stages did not
pass through the origin, due to the difference in the
mass transfer rate in the initial and final stages of
adsorption. Besides the linear curves did not pass
through the origin, and the points were scattered
around the plots. This implied that intraparticle diffu-
sion was not the only rate limiting mechanism in the
adsorption process. The deviation exhibits the pres-
ence of multilinearity, indicating the transportation of
adsorbate from solution phase to the surface of adsor-
bent is controlled by a combination of more than one
step (film or external diffusion, pore diffusion, surface
diffusion and adsorption onto the pore surface) [36].

4. Conclusion

The present investigation revealed the viability of
papaya stem-developed adsorbent for removing
cationic dye from aqueous solutions over a wide
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range of concentrations. Adsorption data were favor-
ably described by the Langmuir isotherm model, with
a monolayer adsorption capacity of 260.95mg/g. The
kinetic data agreed satisfactory with the pseudo-
second-order kinetic model, suggesting a chemisorp-
tion process.
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