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ABSTRACT

Adsorption of the reactive red 141 dye from aqueous solutions onto sesame hull waste, as a
kind of useless agricultural waste, in a batch process was studied. The biosorbent was
characterized by scanning electron microscope and Fourier transform infrared spectroscopy.
There were hydroxyl groups, carboxyl groups, etc. on the surface of the sorbent, as shown
by Fourier transform infrared spectroscopy. Adsorption was investigated as a function of
the particle size, the amount of adsorbent, the pH, the initial dye concentration, and the
agitation speed with time. The maximum removal of dye molecules was found to be 95% at
pH 1.1, the initial dye concentration of 30 mg L™', the adsorbent dose of 4 g L™", and the
temperature of 20°C. The experimental equilibrium data were analyzed, showing that the
adsorption behavior of the reactive red dye could be described well reasonably by
Langmuir isotherm model with the maximum sorption capacity of 27.55 mgg 'for the
biosorbent. Kinetics studies also revealed that the adsorption of the dye followed pseudo-
second-order kinetics, with the regression, R?, of 0.994. The adsorption process was exother-
mic with a mean change in the enthalpy of —15.48 k] mol”’, and spontaneous with a mean
free energy change of —15.38 kJ mol™. Due to the exothermic nature of the adsorption pro-
cess, the removal percentage of the dye was improved remarkably from 50% at the tem-
perature of 323.15K to over 70% at the temperature of 298.15 K. The acidic aqueous
solution with the initial pH <2 favored the adsorption of the anionic reactive red dye by the
sesame waste biosorbent (with pHp,. of 5.1). Through the reusability study of the sorbent,
the removal percentages of dye were found to be 94, 91, 87, and 80% for 1st, 2nd, 3rd, and
4th cycles of adsorption, respectively.
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1. Introduction

Textile and other industries generally use dyes and
pigments to color their products. The discharge of col-
ored dye effluent into the environment interferes with

*Corresponding author.

the diffusion of the sunlight into waters, delays photo-
synthesis, and obstructs the growth of aquatic biota
[1]. Moreover, a number of dyes are either toxic or
mutagenic and carcinogenic [2]. Reactive dyes are
highly dissolved in water media, according to their
hydrophilic nature. This class of dyes is considered as
harmful to aquatic life in rivers and sea, where they
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are released by several industries. Research on the
toxicity of azo dyes such as reactive red 141 shows
genotoxicity, mutagenicity, mortality, and carcino-
genicity in experiments with aquatic fauna (fish, algae,
bacteria, etc.) and also those carried out with mam-
mals. Moreover, some research has reported the indi-
vidual toxicity of the reactive red 141 dye
manufactured from known carcinogens aromatic com-
pounds such as naphthalene [3]. The mechanism of
carcinogenicity involves the formation of acyloxy ami-
nes during N-hydroxylation and N-acetylation of the
aromatic amines in azo dyes such as the reactive red
141 dye followed by O-acylation. These acyloxy ami-
nes can be converted to nitremium and carbonium
ions that bind to DNA and RNA, causing to tumor
formation and several kinds of mutations [4]. There-
fore, due to the high toxicity of the reactive red141
dye, various adsorbents have been used for the
removal of this type of reactive dye from its solutions
[5,6].

Reactive dyes are one of the greatest well-known
classes of dye stuffs generally used for cotton and
other cellulosic materials, but they are also used to a
limited extent on wool and nylon. They can be fixed
to fabric by forming a covalent bond, which is a sig-
nificant advantage over other classes of dyes. There-
fore, such reactive dyes can be immobilized via
mechanical entrapment or physical adsorption [7].
Numerous studies have described techniques for the
removal of dyes from aqueous solutions using various
treatment methods, including biological processes,
combined chemical and biochemical processes, chemi-
cal oxidation, coagulation, adsorption, and membrane
treatments. Reviewing the presented literature indi-
cates that among the various investigated techniques,
adsorption occupies a noticeable place in dye removal.
This is probable owing to its simplicity and high level
of effectiveness [8]. A number of natural and synthetic
adsorbents have been considered for the removal of
dyes from their solutions [9-11]. Among these adsor-
bents, activated carbon is one of the most extensively
evaluated and used materials for environmental pollu-
tion control. The basic disadvantage of activated car-
bon is its high production and treatment costs [9,12].
Consequently, much attention has been focused on
low-cost adsorbents such as natural materials, biosor-
bents, and waste materials from industry and agricul-
ture for the removal of heavy metals ions and dye
from water [11,13-17]. Moreover, industrial waste
products (activated charcoal ash), animal waste
materials (hen feather), agricultural wastes (wheat
bran), and metal oxide nanoparticles (magnesium
oxide nanoparticles) have been used as the sorbent for
the removal of dyes from solution [5,11,18-22].
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Moreover, various agricultural wastes have been
investigated for the removal of several types of dyes.
In this regard, sawdust has been used for the removal
of dyes from water and wastewater [23]. This material
is composed of cellulose, lignin, and hemicellulose,
with polyphenolic groups playing a significant role in
binding dyes through complexation, ion exchange,
and hydrogen bonding mechanisms. Mittal and Kurup
employed power plant waste material; bottom ash,
and an agriculture waste product; de-oiled soya to
remove a hazardous dye acid red-27. They reported
the ability of the wastes in removing the acid red-27
dye from aqueous solutions in a fixed bed column
[24]. Rice husk has been used by McKay et al. for the
elimination of two basic dyes, safranine and methy-
lene blue, and the adsorption capacities of 838 and
312 mg g~ were reported, respectively [25]. Wool car-
bonizing has been studied by Perineau et al. for the
adsorption of dyes [26]. Wheat husk, an agricultural
byproduct, has been utilized by Gupta et al. for the
removal of reactofix golden yellow 3 RFN from an
aqueous solution [27]. Recently, Sharma et al. modi-
fied Hibiscus cannabinus fiber by graft copolymeriza-
tion with vinyl monomer acrylic acid (AAc) and
binary mixture of AAc and acrylamide. The modified
H. cannabinus fibers were reported as the potential
candidate for the removal of the dye from the aqueous
system [28]. Moreover, Mittal et al. used bottom ash
as an adsorbent to remove and recover a hazardous
halogen-containing dye eosin yellow. During the batch
studies, various parameters influencing the adsorption
were considered. According to bulk removal, through
column operation, about 97% of saturation of the dye
was reported [29].

The hull part of sesame waste (SW) usually dis-
posed in the environment causes the environmental
pollution. Therefore, the conversion of SW to some
low-cost biosorbents is performed to fulfill two goals
in this work. First, the useless SW was converted to a
beneficial material. Moreover, it could be efficiently
used for the reduction of environmental pollution. In
this work, we aimed to investigate the usability of SW
for the adsorption of the reactive red 141 dye from
aqueous solutions. During the experiments, the effects
of several operational parameters such as the initial
concentration of feed solution, contact time, adsorbent
dose, adsorbent particle size, agitation speed, solution
pH, and solution temperature were investigated. The
adsorption kinetics, isotherm, and thermodynamics
were studied to realize the adsorption mechanism of
the reactive red dye onto the SW. At last, the desorp-
tion study was performed to regenerate the dye-
loaded SW and subsequently to reuse the regenerated
sorbent in the adsorption process.
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2. Materials and method
2.1. Materials

The reactive red 141 dye was purchased from
Sigma—Aldrich and used without purification. The
characteristics of the dye are listed in Table 1. All
chemicals used in the adsorption experiments were
purchased from Merck and used without further
purification.

2.2. Preparation of sesame biosorbent

SW (hull part) was collected from a local industry
and washed thoroughly with distilled water to remove
any dirt. It was dried in an oven at 110°C and sieved
to various mesh sizes, namely 30, 40, 50, 70, and 100
BSS mesh. The SW powder was characterized using
Fourier transform infrared spectrometer (PE-1710,
USA) in the range of 4,000-400 cm™'. In this regard,
the mixture of SW powder with KBr was ground and
then pressed with a special press to provide a disk of
standard diameter. The surface of SW was observed
on a SEM-Stereo Scan LEO, Model-400 scanning
electron microscope (SEM), before and after the
biosorption.

Moreover, zero point charge (pHp,.) was estimated
for SW. Also, the BET (Brunauer, Emmett and Teller)
surface area for SW was measured using Smart Sorbs
92 surface area analyzer.

2.3. Batch adsorption

Adsorption experiments were performed by shak-
ing (IKA KS130Basic) a known amount of SW with
25 ml solution of the dye with the desired concentra-
tion in batch mode. The concentrations of the red dye
ranged from 10 to 250 mg L™". The experiments were
carried out at different pH values (1-11), different
agitation speeds (80-640 rpm), and different amounts
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of biosorbent (0.05-2 g). The initial pH of the dye solu-
tion was adjusted by adding 0.1 N NaOH or HCI,
using a Radwag Model AS 220/C/2 pH meter. The
progress of biosorption was monitored at different
time intervals till the achievement of equilibrium.
After the completion of predetermined time intervals,
the content of the beakers was centrifuged at
4,000 rpm (Nuve NF200). The negligible residue of the
biosorbent in solution was removed by filter paper
(Whatman 40). Concentrations of the dye solutions
were measured at the characteristic wavelength (Apax=
530 nm) of the red dye using a UV-vis spectropho-
tometer (T70). From this data, the equilibrium adsorp-
tion capacity and the percentage removal of dye were
calculated. Also, in order to estimate the adsorption
capacity of SW, the experimental data were fitted to
the Langmuir and Freundlich isotherm models.
Moreover, to reveal the agreement of the isotherm
models with the experimental results, the determina-
tion coefficient, R?, was estimated.

Kinetic studies of SW were also performed at vari-
ous concentrations of the red dye and accordingly the
extent of adsorption was studied as a function of time.
Kinetic experiments were carried out at 25°C. To
calculate the thermodynamic parameters for the
interaction of dye-sesame, the removal of the dye
from solution by SW was conducted in a batch mode
after 120 min of agitation at different temperatures,
e.g. 20, 30, 40, and 50°C. According to the results
achieved from some preliminary experiments, the
adsorption isotherms, kinetic, and Thermodynamic
studies were carried out at the pH 1.5, the initial dye
concentration of 100 mgL™', the stirring speed of
240 rpm, and the adsorbent dose of 4 g L

2.4. Desorption studies

In order to perform the batch desorption study,
0.1 g of SW which had been used for the dye adsorp-
tion from the solution with the initial concentration of

Table 1

Details of reactive red 141 dye

Dye Formula and molecular weight Amax Structure
RR141 C52H26C12N1402688N38 1,463 530 nm
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30 mg L' at the pH 1.1 was separated from the dye
solution by centrifugation. The saturated SW was
washed mildly with water to eliminate any unloaded
dye. At that time, the washed SW was stirred using a
magnetic stirrer with 25 ml of doubly distilled water,
and 0.1 mol L™! NaOH solution for 12 h, in the order
mentioned. After that, the regenerated SW was dried
and used in the dye adsorption process again. At last,
the removal percentage of the dye was found, and
desorption/adsorption process was repeated four
times, according to the experimental conditions during
the first stage.

3. Results and discussion
3.1. Characterization of the biosorbent
3.1.1. Scanning electron microscopy

The SEM images of the SW before and after dye
uptake were obtained. SEM results of the unloaded
SW showed that SW consisted of tiny particles with
various sizes ranging from 0.471 to 2.539 um, on aver-
age. Moreover, the SEM images of SW samples
showed a considerable number of holes with a diame-
ter ranging from 0.889 to 1.594 pm, where there was a
good chance for dye molecules to be trapped and
adsorbed into the empty and unfilled spaces. SEM
images for the loaded SW showed that the interspaces
between particles disappeared due to the surface
coverage of SW. In the case of the dye-adsorbed SW,
surface color was changed, possibly due to the

adsorption of dye molecules on the surface coverage
of SW.

3.1.2. Fourier transform infrared analysis of the
biosorbent

The FTIR spectra analysis, before and after dye
adsorbed SW, was achieved. The spectra of SW were
measured in the wave number range of
400-4,000 cm ™.

The FTIR spectrum of SW showed a broad peak at
3,489 cm ! that could be assigned to the O-H stretch-
ing vibrations of cellulose, pectin, hemicellulose, and
lignin [30]. The bands at 2,926 and 2,854 cm™ ' were
attributed to the stretching vibration of -CHj; and-
CH,, respectively. A very strong peak at 1,744 cm™
could be assigned to the C=O stretching vibration of
carbonyl. The peak at 1,627 cm™' could be attributed
to the stretch vibration of C-C from the aromatic ring
[31]. The peak at 1,463 cm™' was representative of the
symmetric bending of -CHj;. The peak which
appeared at 1,375cm ' was due to the symmetric
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stretching of -COO™. The peaks at 1,031-1,316 were
assigned to the C-O stretching of alcohol and
carboxylic acids. Moreover, the band perceived at
1245 cm™' was also assigned to the presence of the
C-O stretching of phenols. After the loading of SW,
the band shifting and the possible involvement of
hydroxyl group were found to be represented as the
broad peak at 3,489 cm L. In addition, a decrease in
peak intensity at 3,507 cm 'was due to the interaction
between dye and different O-H groups in the SW. In
this regard, Dolphen et al. implied that the hydroxyl
group of chitin was the main functional group for
reactive dye adsorption by covalent bonding [32].
Moreover, a new peak was appeared at 723 cm ™. This
peak might be assigned to C—Cl or S-O of the reactive
dye, confirming the attachment of the dye on SW.

3.2. Equilibrium contact time and initial dye concentration

In order to achieve the equilibrium time for the
maximum dye uptake onto SW, experiments were car-
ried out in different contact times with a fixed adsor-
bent dose of 4 gL' for the solution with the initial
concentration of 100 mg L7} the pH 1.5, and the shak-
ing rate of 240 rpm. During the first 10 min of the
adsorption process, the rate of the removal of dye was
high and equilibrium was reached after 120 min
(Fig. 1). Finally, after reaching the saturation to the
value of 72%, a smooth graph was attained.

The reduction in the rate of dye extraction with
time could be explained here. While a large number of
unsaturated sites are available for adsorption during
the initial stage, the remaining active sites are difficult
to be filled owing to the repulsive forces between the

Y%Removal
§

0 20 40 60 80 100 120 140 160 180 200 220

Time(min)

Fig. 1. The biosorption of the dye onto sesame as a func-
tion of time (the initial dye concentration of 100 mg L™,
the agitation speed of 240 rpm, the adsorbent dose
of 4g L7, and the pH 1.5).



H. Sohrabi and E. Ameri | Desalination and Water Treatment 57 (2016) 18087-18098

100

%Removal
888583838

10

0 50 100 150 200 250 300

Initial concentration (ppm)

Fig. 2. The biosorption of the dye onto sesame at different
initial metal concentrations (the agitation speed of
240 rpm, the adsorbent dose of 4 g L™", and the pH 1.5).

dye molecules on the biosorbent and on the solution
with the passage of time [33].

Moreover, the dye molecules adsorbed into the
available pores in the biosorbent get almost filled with
dye during the initial stage of the adsorption process.
Subsequently, the dye molecules have to go over
farther and deeper into smaller pores fronting much
larger resistance [34].

To determine the effect of the initial dye concentra-
tion on the adsorption process, the initial concentra-
tion of dye was changed from 10 to 250 mg L™". Batch
adsorption experiments were performed at pH 1.5,
with the adsorbent dose of 4 g L7}, and the shaking
rate of 240 rpm. From Fig. 2, it could be seen that the
percentage of adsorption was reduced from 90 to 37%
with an enhancement from 10 to 250 mg L™" in the
dye initial concentration. In this regard, Sulak and
Yatmaz investigated the effect of the initial
concentration of the reactive red 180 dye varying from
10 to 200 mg L™ using wheat bran as the sorbent.
They showed that increasing dye concentration
decreased the adsorption efficiency at concentrations
higher than 60 mgL™"; the ideal dye concentration
was decided to be 50 mg L™" [22].

In general, the percentage of dye removal is
declined with a rise in the initial dye concentration,
possibly owing to the saturation of the active sites on
the adsorbent [35]. At low concentrations, there can be
unfilled active sites on the adsorbent surface, and
when the initial dye concentration is enhanced, the
active sites needed for dye adsorption may not be
available [36].

3.3. The effect of particle size

Batch adsorption experiments were performed at
different particle sizes, namely 30, 40, 50, 70, and
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Fig. 3. The biosorption of the dye onto sesame using
various mesh sizes of the biosorbent (the initial dye con-
centration of 100 mg L™, the agitation speed of 240 rpm,
the adsorbent dose of 4 g L7}, and the pH 1.5).

100 BSS mesh, the pH 1.5, the adsorbent dose of
4¢L7", and the shaking rate of 240 rpm. Fig. 3 dis-
plays that with the increase in the mesh size of biosor-
bent the rate of the adsorption was enhanced. This
was based on the enhancement in the average mass
transfer area of the adsorbent and the accessibility of
the adsorbent pores toward the dye. Thereafter, the
SW with the mesh size of 100 was chosen for the
adsorption experiments based on the sufficient
adsorption capacity. A similar result was obtained by
other researchers. The effect of particle size on the
removal of Cd(Il) was studied using some sesame
having particle sizes ranging from 0.15 to 2 mm, with
the initial concentration of 20 mg L™". It was shown
that the removal of Cd(II) was improved with a reduc-
tion in particle size, and milling to a particle size of
210 um for sesame seemed to be suitable for
adsorption [16].

3.4. The effect of agitation rate

The agitation speed varied from 80 to 640 rpm.
The experiments were carried out at the pH 1.5, the
initial dye concentration of 100 mg L7}, and the adsor-
bent dose of 4 g L™". The results showed (Fig. 4) that
the sorption capacity of SW for the dye was enhanced
with an increase in the agitation speed from 80 to
480 rpm.

Moreover, removal percentages of the reactive red
dye were achieved to be 45, 71, and 82 for 80, 240,
and 480 rpm agitation speeds, respectively. From these
data, one could conclude that the rate of dye removal
was considerably increased with an enhancement in
the agitation rate with values up to 240 rpm, and then
it was slightly enhanced for the shaking rates over
480 rpm. The increase in the adsorption with the
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Fig. 4. The biosorption of the dye onto sesame at different
agitation speeds (the initial dye concentration of
100 mg L7}, the adsorbent dose of 4 g L7}, and the pH 1.5).

increase in the agitation speed was probably due to an
enhancement in the mobility of the sorbing species.
Moreover, this effect could be attributed to the
enhancement in turbulence and the reduction in
boundary layer thickness around the sorbent particles
as a result of the increase in the agitation rate.

This result was also in agreement with the findings
obtained by Azizi and Ameri for the adsorption of
lead ions onto magnetic wheat straw, and those
reported by Elkady et al. for the adsorption of dye
onto egg shell too [17,37]. For example, an investiga-
tion in to the agitation dependence of the dye biosorp-
tion process by Elkady et al. evidenced that the
percentage of dye sorption was significantly improved
from 32 to 60% as the agitation speed was enhanced
from 100 to 500 rpm, and then it remained constant at
the higher agitation rate. They elucidated that the
influence of external diffusion on the sorption kinetic
control played a noteworthy role. However, the effect
of agitation speed seemed to be negligible at high
agitation rates [37].

3.5. The effect of solution’s pH and biosorbent dose

To investigate the effect of pH, the adsorption of
dye molecules was studied with the adsorbent dose of
4gL_1, the initial ion concentration of 100 mg L
and the shaking rate of 240 rpm. The variation in the
biosorption of the reactive red dye was investigated in
the pH range of 1.1-11. The results are displayed in
Fig. 5.

It is clear from the plot that the reduction of the
solution pH led to an enhancement in the biosorption
of the dye onto the sesame biosorbent. The removal
percentage of the dye was improved remarkably from
5% at the pH 5 to over 71% at the pH 1.1. It was
noticeable that through pH variation from 5 to 11, the
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Fig. 5. The biosorption of the dye onto sesame at different
pH values (the initial dye concentration of 100 mg L™, the
agitatilon speed of 240 rpm, and the adsorbent dose of
4gL).

dye removal percentage was not changed and
remained constant. The same performance was
reported for the adsorption of various textile dyes on
the agricultural waste [38,39]. The ionic forms of the
dye in solution and the surface electrical charge of the
biosorbent are related to the solution pH. So, the
interaction between the dye and adsorbent is generally
affected by ionization states of the functional groups
on both dye molecules and adsorbent surface [40]. The
improvement of dye uptake at acidic pH values may
be referred to electrostatic interactions between the
SW and the reactive red dye. In this regard, Sakkaya-
wong et al. showed that under acidic conditions, elec-
trostatic interaction occurred between the protonated
amine, acetamide in chitin as a biosorbent and sul-
fonate (SO3) group of the reactive red 141 dye as an
adsorbate [41]. Moreover, this could be explained in
terms of the value of pH,,. obtained for the sesame
biosorbent (see Fig. 6) and the molecular form of the
dyes at each pH considered. Generally, the adsorption

]

pH final
0 = N W oA UV O N B W

o 2 4 6 8 10
PH initial

Fig. 6. Plot for determination of point zero charge of the
sesame.
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of anions was favored at pH <pHpzc, whereas the
pHpzc value was found to be 5.1 for SW biosorbent.
At pH2pH,, it was found that the electrostatic
repulsion between the negatively charged dye mole-
cules (sulfonate groups) and the negatively charged
surface of the sesame biosorbent led to reduction in
the biosorption of dyes onto the biosorbent. So, as the
pH of the solution was increased beyond 2, the dye
adsorption was diminished considerably and the dye
adsorbed on SW was maximum at the pH 1.1.

Based on present results, the pH value of 1.1 for
the reactive red dye was reported as the optimized
value. A similar result has been stated by Vieira et al.
in the investigation of the adsorption of blue remazol
R160 onto babassu coconut mesocarp. The pHpyc for
the babassu coconut mesocarp was found to be 6.7,
while the maximum capacity of blue remazol R160
adsorption was at pH 1.1 [42]. Moreover, orange peel
waste was used by Namasivayam et al. for the
adsorption of congo red, procion orange and
rhodamine B dyes. The process was performed at
different pHs, showing that acidic pH was favorable
for the adsorption for all three dyes [43].

The effect of the biosorbent dose on the removal of
the reactive red dye from the solutions of the initial
concentration of 100 mg L™" is shown in Fig. 7. Experi-
ments were performed with different amounts of
adsorbent (0.05-2.0 g), at the pH 1.5 and the shaking
rate of 240 rpm.

As expected, increasing the dose of biosorbent led
to improvements in the biosorption of the dye onto
SW. In this regard, cereal chaff was used for the
removal of methylene blue from aqueous solutions.
The results indicated that as the dose of chaff was
increased, the percentage of methylene blue sorption
was improved too [44].

100
90 -
80 - +
70
60 -
50
40
30
20
10 -

0

%Removal

] 0.2 04 0.6 08 1 12 14 16 18 2
Adsorbent dose (g)

Fig. 7. The biosorption of the dye onto sesame using vari-
ous biosorbent doses at (the initial dye concentration of
100 mg L™, the agitation speed of 240 rpm, and the pH
1.5).
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It could also be seen that the reactive red dye
removal was increased up to a certain limit and
then remained almost constant. The trend could be
attributed to the availability of more interaction
sites. Moreover, the behavior observed for adsorp-
tion with dosage values beyond 1 could be due to
the formation of adsorbent agglomerates which
decreased the available average mass transfer area
and blocked some of the adsorption sites. So, the
optimum dosage of SW was found to be 40 gL™'
for the dye solution with the initial concentration of
100 mg L™". A similar trend has been reported for
the removal of remazol red using eggshell as the
adsorbent. It was shown that the removal of rema-
zol red 198 was increased up to a maximum value
and then remained constant. The optimum biosor-
bent dosage was found to be 10 g of egg shell per
liter of dye solution [37].

3.6. Adsorption isotherms

Adsorption isotherm offers significant models in
the explanation of the adsorption behavior. It
describes how the adsorbate interacts with the adsor-
bent and provides a description of the nature and the
mechanism of the adsorption process. While the
adsorption reaction reaches equilibrium, the adsorp-
tion isotherm could distinguish the distribution of
adsorbate molecules between the solid and the liquid
phases. Hence, it is necessary to find the most appro-
priate correlation of equilibrium curves to optimize
the conditions for designing adsorption systems. In
the present work, the batch experiments were per-
formed by adding a fixed amount of adsorbent
(100 mg) to a series of glass flasks filled with 25 mL of
dye solutions (1-150 mg L™") at the pH 1.5. The iso-
therm results were analyzed using the Langmuir and
Freundlich isotherms.

The Langmuir adsorption model is based on the
assumption that maximum adsorption relates to a
saturated monolayer of solute molecules on the sur-
face of adsorbent, without any lateral interaction
between the adsorbed molecules. The linearized form
of Langmuir equation is expressed as follows:

% — L + Ce
qe Qmaxb Qmax

(1)

where C. is the equilibrium concentration (mg LY, Je
is the amount adsorbed at equilibrium (mg g™'), and b
(L mg ") and Qmax (mgg™") are Langmuir constants
related to the energy of adsorption and adsorption
capacity, respectively. The values of b and Qmax can



18094

Table 2
Langmuir and Freundlich isotherm constants for reactive
red 141 dye biosorption onto SW

Quaxmgg™  b(@Lmg") R

Langmuir isotherm

27.55 0.019 0.99
Freundlich isotherm  Kg(L g™") 1/n R?
3.043 0.467 0.95

be determined from the slopes and the intercepts of
the linear plots of C./q. against C, (Fig. 8). The values
of R? b, and Qmax are presented in Table 2 from the
Langmuir isotherm.

From data presented in Table 2, the adsorption
capacity of SW for the removal of the reactive red 141
was obtained to be 27.55 mg g '. In order to find the
performance of the SW for the reactive red 141
uptakes, it was necessary to compare its adsorption
capacity to that for other biosorbents. Various adsor-
bents have been used for the removal of several types
of dye. For example, peanut hull, coir pith, banana
pith, and orange peel have been used to adsorb some
different kinds of dyes, and their adsorption capacity
has been found to be 13.99, 1.6, 4.42, and 19.88 mg g_l,
respectively [2,45-47]. Moreover, other types of the
sorbents, such as Zn,SnO; and metal hydroxide
sludge, have been investigated for the removal of the
reactive red 141 (anionic) dye with the maximum
adsorption capacities of 56.18 and 6lmgg ’,
respectively [5,48].

So, by reviewing different research works, it could
be inferred that there is a potential to utilize the SW
as a low cost and also available sorbent to remove the
reactive red 141 from aqueous solutions.

In addition, by studying research works, it could
be concluded that the adsorption capacities for

7
6 y =0.0363x+0.4909
R*=0.9946
5
=
o4
g
= 3.
8
2
1
0 - -
0 50 100 150 200
Ce(ppm)

Fig. 8. The biosorption isotherm of dye based on the Lang-
muir model.
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cationic dyes adsorption were more than those for
anionic dyes adsorption on the same biosorbents [45].
Since the carboxyl group is one of the main functional
groups in agricultural wastes, it will influence the
adsorption capacity due to the dye class. The carboxyl
group with the negative charge inhibits the adsorption
of the anionic dyes. Conversely, it favors the adsorp-
tion of the cationic dyes [2].

The Freundlich adsorption isotherm is another
most widely applied isotherm that considers heteroge-
neous adsorptive energies on the adsorbent surface. A
linear form of the Freundlich equation is expressed as
follows:

1
Inge = nKg + gln Ce ¥l

where g, is the amount of dye adsorbed per unit mass
of adsorbent at equilibrium (mg g "), C. is the equilib-
rium concentration (mg LY, Kg is the Freundlich
adsorption constant associated to the adsorption
capacity of the adsorbent (mgL™'/"L'"g™), and n
(dimensionless) is used to describe the amount of
adsorption and the adsorption intensity between the
dye concentration and the adsorbent, respectively. The
values of K and n were determined from the intercept
and the slope of the plot of In g, vs. In C.. Fig. 9 dis-
plays the Freundlich plot. The isotherm parameters
obtained from Freundlich plot are listed in Table 2.

It can be perceived from Table 2 that Langmuir
model was best fitted to the empirical data with the
coefficient of determination, R? being 0.9946, as
represented in Fig. 8. This showed that SW would
provide monolayer and homogeneous adsorption for
the dye molecules.

In addition, the dimensionless constant separation
factor or equilibrium parameter, Ry, can be evaluated
using the following equation:

16
y = 0.4666x +0.4833

R =0.9466
*

14
12

08 -

log qe

06
04
0.2

log Ce

Fig. 9. The biosorption isotherm of dye based on the
Freundlich model.
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1
Ry = m 3)

The value of the essential characteristics of the Lang-
muir isotherm, R; (0.345), was between 0 and 1, indi-
cating the favorable adsorption for SW used in this
work.

3.7. Thermodynamic study

Experiments were performed to find the optimum
temperature and calculate thermodynamic parameters
on the adsorption of dye molecules onto SW at four
different temperatures ranging from 298.15 to
323.15 K. The results are represented in Table 3.

The data presented in Table 3 showed that the
value of the dye adsorbed was dropped as the tem-
perature was raised. This observation indicated that
the adsorption process was an exothermic one. This
phenomenon could be due to the tendency of dye
molecules to be released from the biosorbent to the
aqueous solution with an increase in temperature. A
similar result was also reported in an adsorption
investigation of Cd(Il) using SW as the biosorbent
[15].

The thermodynamic parameters achieved for the
adsorption system were calculated using the following
equations. The values are represented in Table 3.

k/c = Cad‘e/ce (4)

AG = —RTInk, 5)
, _—AH | —AS

Ink, = T TR (6)

where k represents the apparent equilibrium constant
of the biosorption, C. is the equilibrium concentration
(mg L™"), Caq. is the concentration of the adsorbate on
the biosorbent at the equilibrium (mgL™"), T is the

Table 3
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temperature (K), and R is the gas constant. The value
of ki was substituted in the next equation to achieve
the change of Gibbs free energy of adsorption (AG°).
Subsequently, the values of thermodynamic
parameters such as change in enthalpy (AH®) and
change in entropy (AS°) were determined using the
van’t Hoff equation (Eq. (6)). Plotting In k, against 1/T
gives a straight line with a slope and intercept equal
to AH°/R and AS°/R, respectively.

The results presented in Table 3 indicated that the
magnitudes of Gibbs free energy nearly remained con-
stant and were close to 15.38 k] mol™ during the
adsorption process. The negative values of free energy
showed that the dye adsorption onto SW was sponta-
neous. It should be noted that free energy values
attained for the dye were diminished with increasing
the temperature. The negative values of the enthalpy
also indicated the exothermic nature of the adsorption,
whereas the negative values of the entropy change
showed reduced randomness at the solid/solution
interface with some structural changes in the adsor-
bate and the adsorbent. The low value of AS® also
pointed to the fact that no significant changes hap-
pened on entropy. Similar results have been reported
by Elkady et al. who applied eggshell biocomposite
beads for the adsorption of remazol reactive red 198
from aqueous solution [37]. They reported that the
negative values of both the enthalpy and Gibbs free
energy changes showed the exothermic as well as
feasible and spontaneous nature of the biosorption
process, respectively. They also found that the nega-
tive value of entropy change (—4.11J mol 'K™") indi-
cated a reduced disorder at the solid/liquid interface
during adsorption. Moreover, the value of AG® for the
biosorption of the reactive red 180 onto wheat bran
varied from —4.79 to —2.57 k] mol ! [22]. It was con-
cluded from this data that the negative and small
value of free energy change was indicative of the
spontaneous nature of the biosorption process. The
negative values of AH" as well as that of AS® also sug-
gested the exothermic nature and the possibility of the
favorable biosorption of the process, respectively [22].

The effect of the temperature on the removal of the reactive red 141 dye, and thermodynamic parameters (the initial dye
concentration of 100 mg L™", the pH 1.5; the stirring speed of 240 rpm and the adsorbent dose of 4 g L™")

T (K) % Removal AG (kJ/mol) AH (k] /mol) AS (kJ/mol)
298.15 70 —15.387 —15.482 -0.326
303.15 62 -15.384

313.15 55 —15.380

323.15 50 -15.377
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Fig. 10. Pseudo-first-order biosorption kinetics of dye onto
sesame.

3.8. Kinetic study

Kinetics is significant for the adsorption studies
because it can calculate the rate at which a pollutant is
removed from aqueous solutions and offers valuable
data for distinguishing the mechanism of sorption
reactions. In order to study the rate constant of the
reactive red dye-SW system, two kinetics models were
tested. The kinetic data were initially fitted with the
first-order rate expression given as:

In(Qe — Q) = nQ, — kit )

where Q; (mgg ') is the amount of metal ions
biosorbed at time t, Q. is the amount of metal ions
biosorbed at equilibrium (mgg™), and k; is the rate
constant of the biosorption (min™"). Linear plot of In
(Qe — Qp) vs. t for different adsorbent dosages should
give a straight line if first-order kinetics is appropriate,
and Q. and k; can be estimated from the intercept and
the slope of the plot, respectively. The linear plot of In
(Qe — Qp) vs. t for the pseudo-first-order kinetic model
is presented in Fig. 10, using SW.

The pseudo-second-order kinetic model is given by
the expression:

t 1 t

B N 8
0 ko ®

Table 4

H. Sohrabi and E. Ameri | Desalination and Water Treatment 57 (2016) 18087-18098

y=00517x+1.4343
R*=0.9941

t/qt(min. g/mg)

0 20 40 60 80 100
Time (min)

Fig. 11. Pseudo-second-order biosorption kinetics of dye
onto sesame.

where Q; and Q. (mg g ') are the amounts of biosorp-
tion at time ¢ (min) and equilibrium, respectively; k,
(g mg~' min™") is the rate constant of the second-order
equation.

Fig. 11 shows pseudo-second-order plot for the
adsorption process. k; and Q. values were obtained
from the intercepts and the slope of the linear plot,
respectively.

The values of correlation coefficients (Table 4) for
SW adsorbent showed a better fit of pseudo-second-
order model with the experimental data with respect to
the Lagergren first-order model, so one could conclude
that the rate-limiting step was of chemisorption nature.

In this regard, bottom ash and hen feather as the
biosorbents were tested for the removal of dyes,
showing that the kinetic studies followed the
pseudo-second-order model [18,29].

3.9. Dye desorption

Desorption experiments were carried out to
explain the possibility of the recovery of the
biosorbent. In order to display the reusability of the
adsorbents, adsorption—-desorption cycles of dye were
repeated four times by reusing the test adsorbents. It
could be perceived from this data that the removal
percentages of dye were found to be 94, 91, 87, and

Characteristic parameters of the kinetic models via coefficients of determination of reactive red 141 dye adsorption on

SW

Pseudo-first-order

R? k= 10% (min™Y)

Pseudo-second-order

R? kx10° (mg ™' g min™")

0.983 8.4

0.994 1.864
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80% for 1st, 2nd, 3rd, and 4th cycles of adsorption,
respectively.

As a result, realizing the good adsorption capacity
of 27.55 mg g~ using SW and also achieving 80% dye
removal efficiency using regenerated SW after the 4th
cycle of desorption suggest that SW can be a suitable
and useful biosorbent for the removal of the reactive
red 141 dye from aqueous solutions at commercial
level.

4. Conclusions

The efficiency of SW in removing the reactive red
141 dye from aqueous solutions was studied. Adsorp-
tion was influenced by various parameters such as the
initial dye concentration, the agitation speed, the
dosage and size of adsorbent, the solution tempera-
ture, and the initial pH. The maximum uptake of the
dye by the SW occurred at an initial pH 1.1 and the
adsorption was decreased with increasing dye concen-
tration from 10 to 250 mg L™". A higher removal per-
centage of dye could be achieved at the higher
agitation speed and adsorbent dosage, and with the
lower size of adsorbent particles and temperature. The
biosorption of the reactive red dye onto the SW was
found to show a nonlinear favorable biosorption
behavior that could be characterized well by the Lang-
muir isotherm model in the studied concentration
range. It was shown that the kinetics of adsorption fol-
lowed pseudo-second-order kinetics. Thermodynamic
parameters revealed that the adsorption was sponta-
neous and exothermic. The desorption study showed
that the SW could be used as an economical and suit-
able adsorbent to remove the reactive red 141 dye
from aqueous solutions. Since SW is simply accessible
in the countryside, it has the potential to be utilized
for small-scale industries which discharge dyes into
their effluent.
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