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ABSTRACT

In this study, melon seed shells (MSS) were employed for the removal of hazardous
methylene blue (MB) from the simulated wastewaters by the adsorption process. Fourier
transform infrared spectra, field emission scanning electron microscope images, isoelectric
pH (pHZPC), X-ray diffraction, and BET analysis were used to characterize the MSS biosor-
bent. The adsorption processes were conducted by changing the initial dye concentration,
MSS dosage, pH of the solution, time, temperature, and the inorganic salts concentration as
selective parameters that affect the removal efficiency. The results indicated that MB
(30 mg/L) can be effectively removed (91.62%) at pH 7 and MSS dosage of 1.5 g/L after
150 min. The isotherm and kinetic parameters were also investigated, and the adsorption
data were best fitted to the Temkin isotherm and pseudo-first-order kinetic model. The
study of thermodynamic parameters by varying the solution temperature illustrated the
endothermic and spontaneous nature of the adsorption process. The regeneration and
desorption studies demonstrated the reusability of MSS for six cycles of adsorption and
desorption with approximately 92% of dye removal. The overall obtained results can
suggest MSS as a natural and low-cost adsorbent for the removal of cationic dyes such as
MB from the contaminated effluents.

Keywords: Melon seed shell (MSS); Low-cost adsorbent; Methylene blue; Isotherm; Kinetic;
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1. Introduction

Water contamination caused by pollutants of
different varieties, which are discharged into the water
sources by means of industrial activities is one of the
fundamental environmental problems. Moreover,
organic dye molecules are considered as one of the

main water pollutants, which are frequently found in
industrial wastewaters such as textile, paper, leather,
plastics, cosmetics, and food [1–3]. The discharge of
untreated colored wastewaters into the environment
can cause serious health problems to human, plants,
and animals other than their esthetic impact, owing to
their high visibility in trace amount [4,5].

Among the various reported methods available for
the wastewater treatment such as filtration, biological*Corresponding author.
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treatment, coagulation, and advanced oxidation pro-
cesses, the adsorption processes are being extensively
applied to conquer the environmental hazards of
organic compounds, especially dye molecules [6].
Adsorption process is known as the adherence of
organic pollutants onto the surface of solids through
the physical or chemical forces [7,8]. The main reasons
for the superiority of adsorption process to the other
procedures are: low-cost, simplicity of design, facility
of process, high efficiency, availability of adsorbent,
and ability for the separation of wide range of chemi-
cals [9]. In order to benefit from these advantages of
adsorption process, natural and low-cost biosorbents
are being extensively investigated by researchers
around the world. Several biosorbents, industrial and
agricultural wastes, and natural adsorbents such as
rice husk, coconut shell, waste carbon slurries, metal
hydroxide sludge, and fish bone have been used for
the removal of organic and inorganic pollutants from
effluents [9–12].

To develop a new low-cost approach toward the
efficient and effective removal of MB from dye-
containing solutions, melon seed shell (MSS) was pre-
pared to be employed as a natural adsorbent. Melon is
a widely consumed fruit of Cucurbitaceae family, of
which there are numerous varieties. However, the
seeds of this fruit are not much consumed and they
are thrown away, which might be considered as an
economical and nutritional loss [13,14]. Melon seeds
can be classified as agro-industrial wastes (byproduct)
without any reports heard about their commercial
and/or industrial application; however, they may be
oxidized after being discharged into landfills and
water bodies to cause serious environmental problems
[15,16]. Although, Gill et al. reported that the melon
seeds have therapeutic (anti-inflammatory and anal-
gesic) effects as antioxidant, but they are usually dis-
carded as an agricultural waste [16,17].

The surface morphology and functional groups
existing in the structure of the prepared MSS were
characterized by field emission scanning electron
microscope (FESEM) images and Fourier transform
infrared (FTIR) analysis. The isoelectric pH (pHzpc, pH
of zero point charge) of MSS was also determined to
evaluate the surface charge of the adsorbent in the
solution containing different values of pH. Moreover,
the specific surface area and crystalline structure of
MSS were studied using BET and X-ray diffraction
(XRD) analyses. The important parameters affecting the
removal efficiency including pH, initial MB concentra-
tion, adsorbent dosage, inorganic salt, and temperature
were investigated to achieve the optimum condition for
MB removal. Desorption of MB molecules at various

pH values and the regeneration of MSS for seven cycles
of adsorption and desorption was also examined. The
equilibrium parameters such as adsorption isotherms
(Langmuir, Freundlich, and Temkin), kinetics
(pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models), and thermodynamics (free
Gibbs energy, enthalpy, and entropy) were surveyed to
recognize the mechanism of the adsorption, the rate of
the removal process, and to know the nature of the
adsorption to be either endothermic or exothermic.

2. Materials and methods

2.1. Preparation of MSS

The melon seeds and other waste materials were
first removed from the melon fruit, of which 32.15%
were the seeds. The waste materials were washed
away with water and separated from melon seeds.
The separated seeds contain water (37.15%), seed ker-
nel (39.36%), and seed shell (23.49%). Then, the seeds
were milled with a mortar, the inner part of the seed
(seed kernel) was separated, and the seed shells were
dried in oven at 50˚C. Then, they were sieved to parti-
cle sizes ranged from 250 to 400 μm and finally
washed with distilled water for three times. The pre-
pared adsorbent was dried in oven at 50˚C for 10 h.

2.2. Adsorption procedure

C.I. Basic Blue 9 (methylene blue (MB),
C16H18ClN3S, and 319.85 g/mol) was supplied by Ciba
Ltd. Other chemicals were of analytical grade, and
they were purchased from Merck. The synthetic dye
solutions were prepared by adding a specific amount
of MB aqueous solution to distilled water, and the pH
of the solutions was adjusted to the desirable value
using H2SO4 (0.1 M) or NaOH (0.1 M).

Batch adsorption experiments were conducted on a
magnetic stirrer with the constant stirring rate of
200 rpm. The adsorption process was carried out by
the addition of various dosages of MSS (0.5, 1.0, 1.5,
and 2.0 g/L) to 250 mL of dye solution (10, 20, 30, 40,
50, and 60 mg/L) at different pH values (3.0, 5.0, 7.0,
9.0, and 11.0) for 150 min at 30 ± 1˚C. The samples
were taken from the solution at various time intervals
(0, 5, 10, 15, 20, 30, 40, 50, 60, 80, 100, 120, and
150 min), they were centrifuged by Hettich EBA20 at
5,000 rpm for 10 min, and their absorbance was mea-
sured at time = 0 (A0) and after the time = t (A) using a
Vis spectrophotometer (Unico2100, China) at the maxi-
mum wavelength (λmax= 665 nm). The MB removal
efficiency was calculated using Eq. (1) [18]:
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MB removal efficiency %ð Þ ¼ A0 � A

A0

� �
� 100 (1)

The amount of dye per unit mass of MSS is calculated
employing the Eq. (2):

q ¼ C0 � Ceð ÞV
m

(2)

where C0 and Ce are the initial and equilibrium dye
concentrations (mg/L), m is the mass of adsorbent (g),
and V is the volume of solution (L) [18].

2.3. Desorption studies

First, MSS was employed to remove 30 mg/L of
MB (the optimum initial MB concentration for dye
removal) at pH 7 for 250 min. Next, the dye-loaded
MSS was separated from solution and dried at 30˚C
for 12 h. Then, 0.8 g/L of MB-loaded MSS was added
to 250 mL of distilled water at various pH values
(3–11) at 30 ± 1˚C. The fraction of dye molecules des-
orbed from MSS is calculated using the following
equation [19]:

Desorption %ð Þ ¼ Amount released to solution
mg
L

� �
Total adsorbed mg

L

� �
0
@

1
A

� 100

(3)

2.4. Methods of characterization

The FTIR spectroscopy of the MSS before and after
the dye adsorption was measured with a Thermo
Nicolet Avatar 360 FTIR spectrometer within the range
of 500–4,000 cm−1 to identify the surface functional
groups of MSS and the variation of spectra after the
adsorption process.

The surface morphology of MSS before and after
the adsorption of MB was examined using a FESEM
(JSM-6700F, JEOL, Japan).

The isoelectric pH (pHZPC) of the MSS adsorbent
was determined by the addition of MSS (1 g) to 50 mL
of KNO3 solution (0.01 M). The initial pH of solutions
was adjusted from 2.0 to 11.0 using HNO3 and NaOH.
The solutions were stirred for 24 h and the final
pH was recorded. The pH in which the value
(ΔpH = pHi−pHf) equals zero is known as pHZPC [20].

The specific surface area of MSS was evaluated by
N2 adsorption at 77 K with the relative pressure in the
range of 0.01–0.4 using Belsorp-mini II Bel, Japan. The

total pore volume (the volume of liquid nitrogen
corresponding to the adsorbed amount) of the sample
was measured at a P/P0 = 0.990. The pore size
distributions were deduced using the Barrett–Joyner–
Halenda (BJH) method. Before measurements, the
sample was put in a vacuum oven at 40˚C for 24 h.

XRD pattern of MSS was obtained by X-ray diffrac-
tometer (EQuinox 3000) using Cu Kα radiation. The
data were recorded over a 2θ range of −10–119˚ with a
step size of 0.03˚.

3. Results and discussion

3.1. Characterization of MSS

An adsorption process is initiated by the electro-
static interaction between the adsorbent and adsor-
bate. The pHZPC of MSS was investigated to
determine its surface charge at different media to pro-
vide the best condition for the removal of MB from
aqueous solution. Fig. 1 shows pHZPC of MSS indicat-
ing that the pH at which the overall surface charge of
MSS equals zero is 5.5. As a result, the surface of MSS
is positively charged at pH < 5.5 via protonation of its
functional groups by the dominant H+ existing in the
solution. In contrast, high amounts of HO− groups at
pH values higher than 5.5 make the MSS surface nega-
tively charged. According to these results, high pH
values favor the adsorption of cationic MB molecules
via negatively charged MSS by the domination of elec-
trostatic attraction forces.

The XRD pattern of MSS is also shown in Fig. 1.
The results show the most intense peaks at 2θ of
16.12˚ and 22.03˚ for (1 1 0) and (2 0 0), and the peak
at 34.75˚ is related to (0 0 4), which reflect the charac-
teristic of polymorph of cellulose type I. This result
confirms the cellulosic nature of MSS [21].

In Fig. 2, the FTIR spectra of MSS, MB, and MSS
after the adsorption of MB (MSS–MB) are presented.
The broad peak at 3,427 cm−1 in MSS is attributed to
the O–H stretching bond existing in its structure or
due to water absorption in the atmosphere. The
sharper peak at 3,438 cm−1 in MB sample is due to the
N–H stretching bond. The peaks at 2,922 and
2,855 cm−1 in all samples are related to the symmetric
alkane stretching of C–H bond. The peaks at 1,486 and
1,592 cm−1 are related to the aromatic C=C stretching
bond in MB. The peak appearing at 1,243 cm−1 is
probably attributed to the C–N amine in MB. Peaks at
820 and 880, 1,386, and 1,000–1,220 cm−1 are corre-
sponding to the bending vibrations of the C–H groups
of the heterocycle, bending vibrations of the unsatu-
rated dimethylamino groups and skeletal vibrations of
the heterocycle of MB, respectively.
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The peak observed at 1,744 cm−1 can be attributed
to the C=O ester bond in the structure of MSS. The
peaks assigned to C=C and C≡C in MSS appeared at
1,644 and 2,062 cm−1, respectively. The peaks at 1,263
and 1,161 cm−1 could be due to the stretching and
bending vibrations of C–O groups in MSS. The weak
peak at 723 cm−1 can also be related to the long chain
band in the structure of MSS. The decrease in the
intensity of several peaks at 2,922, 2,855, 2,062, 1,744,
1,263, and 1,161 cm−1 corresponding to the alkane,
alkyne, carboxyl, and carbonyl groups can be ascribed
to the involvement of their assigned bonds in the
adsorption of MB [9,22].

The surface morphology of MSS was investigated
by FESEM images at various magnifications (Fig. 3).
The two observed constructions of MSS can be related
to the different structure of the front and back sides of
MSS, however, in both of these images, MSS has
shown a relatively porous structure, which is one of
the main characteristics of MSS other than its surface
charge to be suitable for the adsorption process.

The results of BET indicated that the specific
surface area of MSS was 3.0424 m2/g and the total
pore volume and average pore diameter were
0.028849 cm3/g and 37.93 nm, respectively. These
results are adequate for the adsorption of dye
molecules from aqueous solutions [21].

3.2. Adsorption process

3.2.1. Effect of pH

The effect of pH on dye removal efficiency was
investigated in the range of 3.0–11.0. Changing the pH
of solution will vary the surface charge of the adsor-
bent and, therefore, will influence the dye removal
efficiency. The results of pH variation are shown in
Fig. 4. According to the experimental data, the dye
removal efficiencies increased from 5.76 to 91.62% by
increasing the pH values from 3.0 to 7.0. At low pH
values (below the isoelectric pH), the surface of MSS
is positively charged; and because of the strong repul-
sion forces between the positive adsorption sites of
MSS and cationic MB molecules, low removal efficien-
cies are achieved. On the other hand, the reason of
high removal percentages at alkali media can be
explained by the deprotonation of adsorbent when the
pH value is increased. According to the obtained
results from pHZPC, the surface of MSS is negatively

Fig. 1. pHZPC and XRD patterns of MSS.

Fig. 2. FTIR spectra of MSS before and after the adsorption
of MB.

18052 M. Rahimdokht et al. / Desalination and Water Treatment 57 (2016) 18049–18061



charged at pH > 5.5, which means that O–H, C=O, and
C–O functional groups are negatively charged owing
to the adsorption of OH−, thus the adsorption of MB
in such media is probably due to the electrostatic
attraction forces between the positively charged dye
molecules and MSS negative functional groups [20].
Moreover, a scheme illustrating the functional groups

of MSS involved in the adsorption of MB is presented
in Fig. 5. Electrostatic attraction between the negative
C=O and C–O functional groups in alkali media and
positively charged MB molecules, van der Waals
interaction between C–H groups of MSS and MB, and
also, the π–π interaction between the MSS alkyne
groups and aromatic rings in the structure of MB can
be the responsible forces in the adsorption process of
MB by MSS, which was approved by FTIR analysis
[23]. Further increasing of pH value did not increase
the MB removal efficiencies noticeably, thus, pH 7
was chosen as the optimum value for the adsorption
process.

3.2.2. Effect of MSS particle size and dosage

The MSS dosage from 0.5 to 2.0 g/L was added to
the colored solution to survey its effect on the adsorp-
tion behavior of MSS. The results shown in Fig. 6
illustrated that increasing the dosage of MSS up to
1.5 g/L will increase the removal (%) up to 91.62%
because of the more available adsorption sites on the
surface of adsorbent for the removal of dye molecules
from the bulk solution. The addition of 2.0 g/L of
MSS leads to the efficiency of 92.39%, which showed

Fig. 3. FESEM images of the surface of MSS at different magnifications.

Fig. 4. Effect of pH on MB removal (%) ([MB0]: 30 mg/L,
MSS dosage: 1.5 g/L, and T: 30˚C).
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only a negligible increase in the performance of the
adsorption process. As it can be seen in Fig. 6, the
adsorption process at initial times of the process was
fast, but it became slow after about 90 min. This can
be explained by the occupation of adsorption sites on
MSS and the repulsion forces between the similar
charges of MB molecules adsorbed on the surface of
the MSS and the MB in the bulk solution [20].

As previously explained, the MSS was milled by a
mortar to obtain the particle sizes (x) between 250 and
400 μm. The effect of these particle sizes on removal
efficiency is also investigated in Fig. 6. The rate of

adsorption decreased by increasing MSS particle sizes,
which can be related to the lower surface area of MSS
available for the adsorption of MB molecules; how-
ever, the final MB removal efficiency after 150 min
slightly decreased from about 95–91%.

3.2.3. Effect of MB concentration

The effect of initial MB concentration on the
adsorption performance was studied at MSS dosage of
1.5 g/L at pH 7.0 (Fig. 7). The experimental data illus-
trated that the MB removal (%) decreased with an

Fig. 5. Adsorption mechanism of MB by MSS.

Fig. 6. Effect of MSS dosage and particle size on MB removal (%) ([MB0]: 30 mg/L, pH 7.0, and T: 30˚C).
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increasing in the dye concentration. Increasing the
concentration of MB from 10 to 30 mg/L does not
have a significant effect on the removal efficiency after
150 min of adsorption, which can be related to the
availability of adsorption sites on the surface of MSS
to adsorb MB dye molecules in this range of concen-
tration. But at higher concentrations of MB (up to
50 mg/L), the dye removal decreases from about 91 to
81%, which may be resulted from the saturation of the

adsorption sites by MB molecules, and also the repul-
sion forces between the adsorbed and bulk MB dye
molecules [24,25].

3.2.4. Effect of salt

Various types of salts are employed as exhausting
or retarding agents in textile processes, and their exis-
tence in textile wastewater is inevitable; hence, in this
study, the MB removal (%) changes in the presence of
various concentrations (0.01–0.15 M) of inorganic salts
of different types are investigated and exhibited in
Fig. 8. It can be seen that in all cases, the removal
efficiencies decrease after the addition of salt to the
solution. The salt molecules contain smaller cations
(Na+, K+, and Ca2+) rather than the cationic MB dye
molecules. So, these small cations are rapidly
adsorbed to the adsorbent, where they occupy the
adsorption sites and consequently, prevent MB dye
molecules in the bulk from moving toward the
adsorbent by the repulsion forces [20,26].

3.2.5. Desorption and regeneration studies

The MB-loaded MSS was added to distilled water
at various pH values to evaluate the desorption
properties of the adsorbent. The results in Fig. 9

Fig. 7. Effect of initial dye concentration on MB removal
(%) (MSS dosage: 1.5 g/L, pH 7.0, and T: 30˚C).

Fig. 8. Effect of inorganic salts on MB removal (%) ([MB0]: 30 mg/L, MSS dosage: 1.5 g/L, pH 7, and T: 30˚C).
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indicate that the highest desorption percent (77.5%)
was obtained in acidic media at pH 3.0. The desorp-
tion (%) at higher pH values does not exceed 4.5%
(Fig. 9, inner diagram). These results can be explained
by the fact that at low pH values, the positively
charged sites on the surface of the adsorbent increase
by the protonation and facilitate desorption of posi-
tively charged MB molecules that had been adsorbed
on MSS earlier [20,27].

The reusability and regeneration of MSS was
evaluated for seven cycles of adsorption and desorp-
tion of MB dye molecules. The adsorption processes
were carried out at pH 7.0, MB concentration of
30 mg/L, and MSS dosage of 1.5 g/L, which were

obtained as the optimum conditions for dye removal.
Desorption procedures were performed at pH values
of 1.0, 2.0, and 3.0 with the adsorbent dosage of
1.5 g/L. The results shown in Fig. 10 illustrate that the
removal efficiencies of MB using MSS after six cycles
are higher than 92% along with the desorption (%) of
57–71%. After the seventh cycle, the adsorption and
desorption (%) decreased to 69 and 48%, respectively.
The weight loss (%) of MSS was also calculated during
these regeneration cycles and after seven cycles of
adsorption and desorption, only 3% of weight loss
was observed. According to these results, MSS has
explored adequate regeneration properties as a natural
adsorbent.

3.3. Equilibrium studies

3.3.1. Isotherm parameters

Three equilibrium isotherm models (Langmuir,
Freundlich, and Temkin) were investigated to estab-
lish the appropriate correlations between the equilib-
rium data [28]. The homogeneous surface of the
adsorbent with no interaction between its molecules, a
non-uniform distribution of the heat of adsorption
over the surface, and the linear reduction of heat of
adsorption with the coverage due to the adsorbent–
adsorbate interactions are the main assumptions
of Langmuir, Freundlich, and Temkin isotherm
equations, respectively [29].

The linear form of Langmuir, Freundlich, and
Temkin isotherm equations (Eqs. ((4)–(6))) was
employed for the removal of MB from MSS.

Ce=qe ¼ 1=KLqmÞ þ ðCe=qmð Þ (4)

log qe ¼ log KF þ ð1=nÞ log Ce (5)

Fig. 9. Desorption (%) of MSS–MB at various pH values
(MSS dosage: 0.8 g/L, and T: 30˚C).

Fig. 10. Regeneration cycles for adsorption ([MB0]: 30 mg/L, MSS dosage: 1.5 g/L, pH 7, and T: 30˚C) and desorption
(MSS dosage: 1.5 g/L, T: 30˚C, and left: pH 1.0, middle: pH 2.0, and right: pH 3.0).
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qe ¼ BT lnKT þ BT lnCe (6)

BT ¼ RT=b (7)

where qe is the concentration of MB on the adsorbent
at equilibrium (mg/g), Ce is the equilibrium concen-
tration of MB in solution (mg/L), and qm is the maxi-
mum capacity of adsorbent (mg/g). KL and KF are the
Langmuir and Freundlich constants, while BT (Eq. (7))
and KT are the Temkin constants [30]. Also, T is the
absolute temperature (K) and R is the universal gas
constant (8.314 J/(mol K)). The theoretical plots for
each isotherm have been drawn for various initial MB
concentrations and adsorbent dosages (data not
shown), and the calculated isotherm parameters for
the adsorption system are given in Table 1. The linear
coefficient of determination (R2, the variability in the
dependent variable that has been explained by the
regression line) and non-linear Chi-square (χ2, sum of
squares of the differences between the experimental
and calculated data divided by the calculated data)
are also represented in Table 1 as error functions to
analyze the best fitted isotherm models to the experi-
mental results. χ2 can be written as Eq. (8):

v2 ¼
X qe;exp � qe;cal

� �2
qe;cal

(8)

where qe,exp and qe,cal are the experimental and calcu-
lated adsorption capacities (mg/g), respectively. High
R2 and low χ2 values determine that an isotherm
model is well fitted to the adsorption system. Our
results in Table 1 demonstrate that high correlation
coefficient values are obtained for both Langmuir and
Temkin equations, but the considerably smaller Chi-
square values are only achieved for the Temkin
model. This means that the Temkin model can prop-
erly describe our adsorption experimental data [31,32].
Therefore, according to the assumption of Temkin iso-
therm model, the existing interaction between the MB
dye molecules and MSS adsorbent will cause the heat

of adsorption to vary linearly by the surface coverage
of MB dye molecules on MSS.

3.3.2. Kinetic parameters

Several kinetic models including the pseudo-first-
order, pseudo-second-order, and intraparticle diffusion
models were examined to demonstrate the adsorption
mechanism and rate constant [6]. The pseudo-first-
order rate equation is written as Eq. (9) [33]:

log qe � qtð Þ ¼ log qeð Þ � k1=2:303ð Þt (9)

where qe, qt, and k1 are the amounts of dye adsorbed
(mg/g) at equilibrium and at any time, t (min), and
the pseudo-first-order rate constant (1/min), respec-
tively.

The pseudo-second-order kinetic model is also
investigated employing the Eq. (10), where k2 is the
pseudo-second-order equilibrium rate constant
(g/(mg min)) [34]:

t=qt ¼ 1=k2q
2
e þ ð1=qeÞt (10)

The slopes and intercepts of the plots of log(qe − qt)
and t/qt vs. t were used to calculate the rate constants,
which are represented in Table 2 along with the
experimental qe, coefficients of determination (R2), and
calculated qe values at different dye concentrations
and adsorbent dosages. The values of correlation
coefficients for different kinetic models demonstrated
that the adsorption of MB by MSS had followed the
pseudo-first-order kinetic model with the highest R2

values. In addition, the experimental and calculated qe
values for the pseudo-first-order kinetic model were
very close to each other.

In order to study the multilinearity of the adsorp-
tion process and investigate the diffusion mechanism,
Eq. (11) is applied to the obtained data from the
adsorption of MB [35]:

qt ¼ kpt
0:5 þ I (11)

Table 1
Isotherm parameters of adsorption of MB on MSS

Langmuir Freundlich Temkin

qm KL R2 χ2 log KF 1/n R2 χ2 KT BT b R2 χ2

[MB]0: 10–50 (mg/L) 34.72 0.23 0.977 45,770.085 2.053 0.58 0.916 1.824 2.095 133.02 18.91 0.956 0.383
[MSS]: 0.5–2.0 (g/L) 28.01 0.80 0.996 14,428.53 1.15 0.25 0.772 1.211 8.92 5.18 486.18 0.999 0.004
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where kp (mmol/(g s)) refers to the intraparticle
diffusion rate constant and I is the constant related to
the thickness of the boundary layer. kp, I, and R2 were
also calculated from the slopes and intercepts of the
plots of qt against t

0.5at different MB and MSS concen-
trations (Table 2).

If the plots of qt against t0.5 are linear, then the
intraparticle diffusion will be involved in the adsorp-
tion process, and if the lines pass through the origin,
this mechanism will be the rate-controlling step. In the
adsorption of MB by MSS, the lines do not pass
through the origin (Fig. 11), which means that some
level of boundary layer is involved in the removal
process; and the intraparticle diffusion is not the only
rate-limiting step and the adsorption can be controlled
by other kinetic models [36].

3.3.3. Thermodynamic parameters

In here, the adsorption of MB on MSS was con-
ducted at 303, 313, 323, and 333 K to study the
thermodynamic parameters (Gibbs free energy (ΔG),
enthalpy (ΔH), and entropy (ΔS)) of the adsorption
process. These thermodynamic parameters are calcu-
lated according to Eqs. ((12)–(14)). The data are
reported in Table 3 [37].

DG ¼ �RT ln qe=Ceð Þ (12)

ln qe=Ceð Þ ¼ ðDS=RÞ � ðDH=RTÞ (13)

where qe and Ce are the dye concentrations on MSS
at equilibrium (mg/g) and in solution (mg/L),
respectively, R is the universal gas constant (8.314 J/
(mol K)), and T is the absolute temperature (K). The
slope and intercept of the plot of ln qe=Ceð Þ vs. 1/T

resulted the ΔH and ΔS parameters and ΔG can be
calculated using Eq. (14):

DG ¼ DH � TDS (14)

The effect of temperature on MB removal efficiency
indicated that the adsorption process was a sponta-
neous process confirmed by the negative values of ΔG.

Table 2
Kinetic constants for MB adsorption on MSS

Dye concentration (mg/L) MSS dosage (g/L)

20 30 40 50 0.5 1.0 1.5 2.0

Pseudo-first-order (qe)exp (mg/g) 11.758 17.713 21.849 25.127 20.940 23.134 17.713 13.911
(qe)cal (mg/g) 10.960 13.996 19.588 25.663 19.688 18.836 13.996 11.746
K1 (1/min) 0.039 0.038 0.036 0.039 0.029 0.030 0.038 0.053
R2 0.991 0.976 0.995 0.981 0.718 0.985 0.976 0.987

Pseudo-second-order (qe)cal (mg/g) 13.038 18.904 24.272 28.986 25.510 24.752 18.904 14.749
K2 (g/(mg min)) 0.005 0.005 0.003 0.002 0.001 0.003 0.005 0.010
R2 0.970 0.986 0.973 0.958 0.755 0.972 0.986 0.993

Intraparticle diffusion Kp (mg/(g s1/2)) 1.193 1.708 2.245 2.668 1.999 2.232 1.708 1.305
I 1.036 2.788 1.653 0.835 0.687 2.485 2.788 3.065
R2 0.969 0.918 0.965 0.979 0.780 0.964 0.918 0.880

Fig. 11. Intraparticle diffusion plots for the adsorption of
MB on MSS at various MB concentration (MSS dosage:
1.5 g/L, and T: 30˚C).

Table 3
Thermodynamic parameters of adsorption of MB on MSS

T (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol K)

303 −4.04 9.44 0.045
313 −5.21
323 −5.18
333 −5.53
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On the other hand, the positive ΔH and ΔS values
explore that the adsorption process is an endothermic
reaction with increasing randomness at the solid/liquid
interface during the removal process. Also, −20 < ΔG <
0 and −80 < ΔG < 400 kJ/mol refer to the physisorption
and chemisorption processes; and the values obtained
for the removal of MB by MSS are within the ranges of
the physisorption mechanism [38].

3.4. Comparative study

The experimental results from several investiga-
tions employing low-cost adsorbents for the removal of
MB are collected and summarized in Table 4. Accord-
ing to these data, the conditions applied for the adsorp-
tion processes and the considered values for operating
parameters are different for each study. Wide ranges of
initial dye concentration (50–480 mg/L), pH (6–12),
and adsorbent dosage (0.5–20) have been examined,
and therefore, the direct comparison of their final data
(qm) will not reveal the correct and accurate result.
However, the promising results for the removal of MB
by MSS in this research showed its adequate perfor-
mance and efficiency at low concentrations of MB,
compared to the other studies where the removal of
MB is investigated at high concentrations, which leads
to higher values of qm.

4. Conclusion

In the present study, the removal of MB from
simulated colored solutions was investigated using the
natural and low-cost MSS as the adsorbent. The
FESEM images and BET results showed the relatively
porous surface of MSS, X-ray diffraction patterns con-
firmed the cellulosic nature of MSS, and the FTIR
spectra confirmed the existence of C=O, C–O, C–H,
and C≡C groups in the structure of MSS, which can
be responsible for the adsorption of cationic MB dye

molecules at pH values above 5.5, at which the surface
of MSS is negatively charged according to the
obtained isoelectric pH. The effect of important
parameters such as initial dye concentration, pH, and
MSS dosage was studied on the adsorption efficiency.
The experimental data showed that the addition and/
or increasing the amount of inorganic salts to the solu-
tion have decreased the maximum accessible removal
efficiency and lowered the adsorption performance.
The regeneration studies of MSS explored its reusabil-
ity for six cycles with removal efficiencies of >92% at
acidic media. The investigation of equilibrium iso-
therm and kinetics at various MB concentrations and
MSS dosages demonstrated that the adsorption pro-
cess using MSS had followed the Temkin isotherm
with high R2 and low χ2 values; and the pseudo-first-
order kinetic model was best fitted to the experimental
data. The thermodynamic parameters obtained by
changing the solution temperatures illustrated that the
adsorption was an endothermic (ΔH > 0) and sponta-
neous (ΔG < 0) process. The results explored that the
natural and low-cost MSS could be employed as an
efficient industrial waste for the effective removal of
MB dye molecules from the polluted water streams.
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