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ABSTRACT

The objective of current study is to investigate the tomato seeds (TSs) as a low-cost
industrial waste material to be employed in the adsorption of two acid dyes (C.I. Acid Red
14 (AR14) and C.I. Acid Blue 92 (AB92)). In this regard, field emission scanning electron
microscope images, Fourier transform infrared analysis, and determination of isoelectric pH
were used to characterize the surface morphology, functional groups, and surface charge of
TS, respectively. Initial dye concentration, pH, and adsorbent dosage were studied as the
key parameters that affect the adsorption performance. The isotherm, kinetic, and thermo-
dynamic parameters of removal process were determined. It was found that the experimen-
tal data had followed the Langmuir isotherm model. The pseudo-second-order kinetic
model described the rate of adsorption process properly. Temperature variation of adsorp-
tion process indicated that the removal of AR14 and AB92 by TS was an exothermic and
spontaneous procedure. Finally, the cost analysis demonstrated that TS can be suggested as
an effective and eco-friendly biosorbent for the removal of organic dyes from colored textile

wastewaters.
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1. Introduction

Textile is one of the most water contaminant
industries due to its high water consumption. In
recent years, it has become a remarkable subject for
the researchers working on the environmental issues
and wastewater treatment. Among the various pro-
cesses in this industry, dyeing and finishing proce-
dures are the main sources of wastewater production
[1-3].

*Corresponding author.

On the other hand, high toxicity, complex struc-
tures, synthetic nature, non-biodegradability, and the
accumulation possibility of dye stuffs in the environ-
ment may cause serious health problems [4,5]. The
extensive use of these hazardous compounds in many
industries has focused the environmental concerns on
the removal of dyes from effluents.

Various physical and chemical methods are
available for the degradation or separation of contami-
nants from industrial wastewaters including coagula-
tion and flocculation, ozonation, membrane filtration
processes, ion exchange, chemical precipitation, etc.
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[3,6]. Adsorption is a preferable process to the other
techniques due to its simple design, facile operation,
and the ability to separate a wide range of com-
pounds. Different types of materials with organic/
mineral and natural/synthetic base are now being
used as adsorbent in various studies [7,8]. Recently,
many researches have been conducted to find avail-
able, effective, and low-cost materials like industrial
and agricultural byproducts with the adsorption abil-
ity [2,3,9,10]. Various agricultural byproducts such as
fern, rice husk, oak leaves [11], apple shell, orange
peel, banana peel, millet waste [12], peach palm waste
[13], coffee residues [14], and sugarcane bagasse [15]
have been studied as adsorbent for the removal of dif-
ferent pollutants from wastewaters.

Tomato (Lycopersicon esculentum L) is grown
throughout the world and it is used globally for
human nutrition. Tomatoes are processed to produce
ketchup, juices, paste, etc., which results in large
amounts of tomato peel, pulp, fibrous matter, trim-
mings and seed as industrial wastes. These waste
materials which contain 40% of the raw material are
discharged into sewages and water streams [16-18].

In this study, the tomato seed (TS) as an agricul-
tural low-cost byproduct is investigated for the
removal of two acid dyes (C.I. Acid Red 14 and C.I
Acid Blue 92) from the colored wastewaters. The iso-
electric pH (pHzpc, zero point charge) of TS was
evaluated to determine the surface charge of the
adsorbent. The functional groups and surface mor-
phology of the adsorbent were studied by Fourier
transform infrared (FTIR) spectra and field emission
scanning electron microscope (FESEM) images, respec-
tively. The effect of important parameters such as ini-
tial dye concentration, pH, adsorbent dosage, and
temperature was investigated on the efficiency of the
removal process. After the optimization of adsorption
variables, isotherm, kinetic, and thermodynamic
parameters were also studied to indicate the adsorp-
tion mechanism, rate constant, and spontaneous nat-
ure of the removal process. The desorption percentage
of the dye-loaded adsorbent was also investigated.
Moreover, the cost analysis of the adsorbent for the
removal of dyes (1g) from solution was carefully
examined to evaluate the economic aspects of TS
usage.

2. Materials and methods
2.1. Materials

TSs employed in this study were collected from
the byproducts of a tomato paste factory in Iran. C.I.
Acid Red 14 (AR14) and C.I. Acid Blue 92 (AB92)
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were supplied by Ciba Ltd (Table 1). Other chemicals
were of analytical grade purchased from Merck.

2.2. Preparation of adsorbent

The TSs were separated from tomato waste and
washed two times with distilled water and then dried
in oven at 50°C for 12 h. Then, the dried seeds were
milled with a mortar and sieved to obtain the particle
sizes lower than 250 pm.

2.3. Adsorption procedure

The dye solutions were prepared by dissolving a
specific amount of dye in distilled water. HyS5O,4
(0.1 M) or NaOH (0.1 M) were used to adjust the pH
of solutions.

The adsorption experiments (in batch mode) were
performed on a magnetic stirrer at constant stirring
rate of 200 rpm. The adsorption process was started
by adding different dosages of TS (0.2-1.2 g/L) to 250-
mL dye solution (50, 75, 100, 125, and 150 mg/L) at
various pH values (3, 5, 7, 9, and 11) for 60 min at 30
+1°C. Samples were taken from the solution at speci-
fied time intervals and centrifuged by Hettich EBA20
at 4,000 rpm for 10 min. The absorbance of solutions
was measured using a vis spectrophotometer (Uni-
c02100, China) at the maximum wavelength of each
dye (615 and 572 nm for AR14 and AB92, respec-
tively). The Dye removal efficiency was calculated
using Eq. (1), in which Ay and A refer to the absor-
bance at time =0 and time = ¢, respectively [19]:

Ag— A
Ap

Dye Removal Efficiency (%) = ( > x100 (1)

The adsorption capacity (g) which is defined as the
amount of dye per unit mass of TS was calculated via
Eq. 2):

m

where Cy and C, are the initial and equilibrium dye con-
centrations (mg/L) in bulk solution, m is the mass of
adsorbent (g), and V is the volume of solution (L) [19].

2.4. Desorption studies

TS was collected and dried at room temperature
after the adsorption of AR14 and AB92 (50 mg/L) for
60 min at pH 3. The dye-loaded adsorbent was added
to 250-mL distilled water at pH values of 3, 5, 7, 9,
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Table 1
Dyes’ characteristics and structures
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C.I. generic name

Molecular formula

Molecular weight (g/mol)

C.I. Acid Red 14 C20H12N20752N612 502.42
OH
NaO,S O N=N
S vos
C.I. Acid Blue 92 C26H16N301053Na3 695.58

+

Na

S0,-
Na' H
‘50, OH O N
S
SO,-
?
Na

and 11. The fraction of dye molecules desorbed from
TS was calculated using the Eq. (3) [20]:

Desorption (%) = Amount released to solution (nﬁg)>

Total adsorbed (%)
x 100

3
2.5. Methods of characterization

The functional groups of TS were identified by
FTIR spectroscopy. FTIR spectra were recorded with a
Thermo Nicolet Avatar 360 FTIR Spectrometer within
the range of 5004000 cm ™.

The surface morphology of TS was examined using
a field emission scanning electron microscope
((FESEM) JSM-6700F, JEOL, Japan).

In order to determine the isoelectric pH (pHzpc) of
the adsorbent, TS (1 g) was added to 50-mL KNOj;
solutions (0.01 M). The initial pH of solutions was
adjusted from 2 to 11 using HNO; and NaOH. The
solutions were stirred for 24 h and the final pH was
recorded. The pH in which the value of (pH;—pHjy
equals zero is known as pHzpc [1].

3. Results and discussion
3.1. Structural characterization of adsorbent

Electrostatic interactions between dye molecules
and adsorbent initiate the adsorption process. In this

regard, pHzpc of TS is determined and the results are
shown in Fig. 1. It can be seen that pHzpc of TS is 4.5,
indicating that the surface of the adsorbent is nega-
tively charged at pH values above 4.5 and it is posi-
tively charged at pH <4.5. Therefore, the attraction
forces between the negative dye molecules and posi-
tive surface functional groups of the adsorbent can
lead to the removal of AR14 and AB92 from the bulk
solution.

FTIR spectra of TS, AR14 and TS after the adsorp-
tion of AR14 are given in Fig. 2. The FTIR spectra of
TS after the adsorption of AR14 as the model dye was
investigated to confirm that the adsorption process

ApH

1 3 5 7 9 1 13
Initial pH

Flg 1. pHZPC of TS.
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has been performed successfully and there are
evidences for bond formation between the adsorbent
and dye molecules. The symmetric alkane C-H
stretching bond is appeared at 2,925 and 2,850 cm™".
The weak peak at 720 cm™' can be assigned to the
long chain bending bond in the structure of TS. The
peaks appearing at 3,010, 1,460, and 650 cm ™" are cor-
responding to the alkene C-H stretching, bending,
and out of plane (O OP) bending, respectively. The
existence of secondary amide bond is confirmed by
the appearance of peaks at 3,300, 1,659, 1,546, and
1,057 cm™ !, which can be attributed to the N-H
stretching bond, C=0O bond, N-H bending bond, and
C-N bond, respectively. The O-H, C=0O, and C-O
bonds of carboxylic acid exhibited three peaks at
3,400, 1,711, and 1,247 cm ™}, respectively.
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FTIR spectra of AR14 showed peaks at 3,438 cm ™
(O-H), 1,604 and 1,495 cm™' (C=C), 1,189 cm™' (C-N),
760 and 624 cm™' (aromatic rings C-H groups). The
decrease in the intensity of some peaks at 3,400, 3,300,
1,659, 1,546, 1,460, 1,247, and 1,057 cm™! can be due to
the involvement and interference of their correspond-
ing functional groups in the adsorption of AR14 from
aqueous solution.

The surface morphology of TS was studied by
FESEM images (Fig. 3). According to this figure, two
different structures (Fig. 3(a) and (b)): net-like and
Fig. 3(c) and (d): rough and uneven) are observed for
TS. Both of these structures have a porous surface
with large surface area, which is one of the main
characteristics of TS as an adsorbent for the removal
of dye contaminants.
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Fig. 2. FTIR spectra of (a) TS, (b) AR14, and (c) TS after the adsorption of AR14.
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209.

Fig. 3. FESEM images of the surface of TS at different magnifications.
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3.2. Effect of pH

Fig. 4 illustrates the effect of pH variation from 3
to 11 on the removal efficiency of AR14 and AB92 by
TS. According to the results from pHzpc determina-
tion, the positively charged groups on the surface of
TS are the dominant functional groups at low pH val-
ues and there is a strong electrostatic interaction
between dye molecules and adsorbent, thus high val-
ues of removal (%) are achieved. But, in solutions at
higher pH values, the number of negatively charged
groups will increase and consequently, the repulsion
forces between adsorbent and adsorbate will decrease
the dye removal efficiency [1,21].

3.3. Effect of TS dosage

The effect of TS dosage on removal efficiency was
investigated in the range of 0.2-0.8 g/L for AR14 and
0.6-12 g/L for AB92. According to the results in
Fig. 5, by increasing the adsorbent dosage up to 0.6
and 1.0 g/L, the removal efficiency increases from 48
and 56% to 89 and 85% for AR14 and AB92, respec-
tively. This can be attributed to the availability of
more functional groups on the surface of TS, which
results in the higher removal percentages of adsorp-
tion process. Further increasing of adsorbent dosage
did not have a significant influence on the removal
efficiency, so 0.6 and 1.0 g/L were chosen as the opti-
mum values of TS dosage for the removal of AR14
and AB92, respectively. The trends of diagrams in
Fig. 5 show that the adsorption process is fast at initial
stage, but then it becomes slow due to the develop-
ment of repulsion forces between the adsorbed dye
molecules on the surface of TS and the remaining dyes
in bulk solution [1].
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3.4. Effect of initial dye concentration

Changes in initial dye concentration affect the
efficiency of the removal process. So, the initial
concentrations of AR14 and AB92 are varied from 50 to
150 mg/L at pH 3 and the results are exhibited in
Fig. 6. Increase in the initial dye concentration results
in the lower efficiencies of dye removal. When the con-
centration increases from 50 to 150 mg/L, the dye
removal (%) decreases from 89 and 85% to 47 and 24%
for AR14 and AB92, respectively. This can be attributed
to the lower surface area of adsorbent in the presence
of the constant amount of adsorbent [22,23].

3.5. Desorption studies

In order to study the regeneration possibility of TS
to be used in more cycles of adsorption procedures
and to keep the process cost down, 0.8 g/L of the
previously dye-loaded adsorbent (at pH 3, TS dosages
of 0.6 and 1.0 g/L for AR14 and AB92 and initial dye
concentration of 50 mg/L) was added to 250-mL dis-
tilled water at various pH values (3-11). Desorption
percentages are illustrated in Fig. 7. It can be seen that
the dye-loaded adsorbent shows the highest desorp-
tion (%) of 57 and 63% for AR14 and AB92 at pH 11
due to the increasing of the negatively charged groups
on the surface of TS, which facilitate the desorption of
dye molecules by repulsion forces [1,24].

3.6. Equilibrium studies
3.6.1. Isotherm models

and
the

In this study, the Langmuir, Freundlich,
Temkin models were employed to analyze
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Fig. 5. Effect of adsorbent dosage on dye removal (%) ([Col: 50 mg/L, pH 3 and T: 30°C).



15032

100

H. Najafi et al. | Desalination and Water Treatment 57 (2016) 15026-15036

ABY2

Dye removal (%)

104

ART4

80

[~ 40

(94) [RAOWIAI 24

[Cy 1 (mg/'L)
—e— 50
—a—75
—a— 100
—— |25

——150

20

m

T 0

0 20 30 40 60 70

Time (min)

Fig. 6. Effect of initial dye concentration on dye removal (%) ([TS]: 0.6 and 1.0 g/L for AR14 and AB92, pH 3 and

T: 30°C).
100
7 ARI4
80 RS S]AB92
g
< 60
g 7"T
&
Z 40
a
) %ﬁ
o L= 7R G\
3 5 7 9

pH

Fig. 7. Desorption (%) of AR14 and AB92 at various pH
values ([TS]: 0.8 g/L and T: 30°C).

equilibrium data for designing a high-performance
system. The monolayer coverage of the homogeneous
surface of an adsorbent is the basic assumption of the
Langmuir model. In this model, no interaction exists
between the adsorbent available sites [25]. The linear
Langmuir equation is given as Eq. (4):

Ce/qe = (1/KLqm) + (Ce/qm) )
where g, is AR14 or AB92 concentration on TS at equi-
librium (mg/g), C, is the equilibrium concentration of
AR14 or AB92 in solution (mg/L), gy, is the maximum
adsorption capacity of TS (mg/g), and Kp is the
Langmuir constant (L/mg). Furthermore, the favora-
bility of the adsorption process can be evaluated by
the dimensionless separation factor (Rp) which is

written as Eq. (5) [25,26]:

Re =1/(1+K.Co) )
where Cj is the initial dye (AR14 or AB92) concentra-
tion (mg/L). The Ry values illustrate the type of iso-
therm to be unfavorable (Rp>1), linear (R =1),
favorable (0 < Ry < 1), or irreversible (R, = 0) [25,27].

Eq. (6) represents the linear form of the Freundlich
isotherm with the homogeneous adsorbent surface
along with the nonuniform distribution of the heat of
adsorption over the surface. In this equation, Kg refers
to the Freundlich constant ((mg/g) (L/mg)"/™).

log g. = logKg + (1/n) log C. (6)
Temkin isotherm expressed by Eq. (7) assumes that
the reduction of heat of adsorption with the coverage
is linear due to the interactions between the adsorbent

and adsorbate.

Ge = Bt In Kt + Bt In C, @)

By =RT/b 8)
where By (mg/g) and Ky (L/mg) are the Temkin con-
stants, T and R are the absolute temperature (K) and
the universal gas constant (8.314]J/(mol K)), and b
refers to the heat of adsorption. Table 2 contains the
calculated parameters of the mentioned isotherm mod-
els with their correlation coefficients (R?). High R? val-
ues confirm that the adsorption process using TS
follows the Langmuir model and the surface of the
adsorbent is covered with a monolayer of dye mole-
cules. Also, the Ry values calculated by Eq. (5)
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Table 2
Isotherm constants for the adsorption of AR14 and AB92 onto TS

Langmuir Freundlich Temkin

Im Ky, R? log Kg 1/n R? Kr Br b rR?
AR14 125.00 0.63 0.986 1.76 0.20 0.728 10.96 19.95 126.27 0.706
AB92 36.23 0.25 0.995 1.68 0.05 0.585 2.09 7.98 310.43 0.976
(0.01 <R, <0.08) indicated the favorability of second-order kinetic model due to the highest

adsorption process.

3.6.2. Kinetic constants

Three kinetic equations including pseudo-
first-order, pseudo-second-order, and intraparticle
diffusion models were investigated to simulate the
experimental data. Adsorption mechanism and its rate
constant can be demonstrated by the process kinetics
[28]. The pseudo-first and pseudo-second-order linear
rate equations are written as follow:

log (g — q¢) = log (ge) — (k1/2.303)t 9)

tae =1/kaq; + (1/q0)t (10)
where g, and g, are the amount of adsorbed dye at
equilibrium and any time (mg/g), ki is the pseudo-
first-order rate constant (1/min) and k; is the pseudo-
second-order equilibrium rate constant (g/(mg min))
[29,30].

The obtained equilibrium data at various initial
dye concentrations were also fitted to intraparticle
diffusion rate model to survey the multilinearity of
the adsorption process and to investigate the diffusion
mechanism. Eq. (11) express the intraparticle diffusion
model [8]:

g =kt +C (11)
where k, (mmol/(gs)) is the intraparticle diffusion
rate constant and C is a constant dependent on the
thickness of the boundary layer. The plots of log
(@e—q) vs. t, t/q, vs. t and g, vs. t*?at different dye
concentrations were drawn and their slopes and inter-
cepts were used to calculate the rate constants. These
results and the experimental g. values, coefficients of
determination (R®) and calculated g, values are given
in Table 3.

The results explore that the removal of AR14 and
AB92 from colored solutions follows the pseudo-

correlation of coefficient (R®) and close agreement
between the experimental and calculated g. values
reported in Table 3.

The plots of g, against t*° were drawn and they
were not linear, which indicated that the intraparticle
diffusion was not involved in the adsorption process;
and since the lines do not pass through the origin, this
mechanism is not the rate-controlling step. This means
that some level of boundary layer is involved in the
adsorption, but the intraparticle diffusion is not the
only rate-limiting step and other kinetic models con-
trol the adsorption process [31,32].

3.6.3. Thermodynamic parameters

Thermodynamic parameters of the adsorption pro-
cess using TS including Gibbs free energy (AG),
enthalpy (AH), and entropy (AS) were demonstrated
by conducting the experiments at 30, 40, 50, and 60°C.
The thermodynamic parameters were calculated by
employing the Egs. (12-14).

AG = —RT In (g/Ce) (12)
In (q¢/Cc) = (AS/R) — (AH/RT) (13)
AG = AH — TAS (14)

where g, is the concentration of adsorbed dye on TS at
equilibrium (mg/g), C. is the dye concentration in the
solution (mg/L), R is the universal gas constant
(8.314]/(mol K)), and T is the absolute temperature
(K). The slope and intercept of the plots of In (g./C.)
vs. 1/T were used to determine AH and AS parame-
ters. AG can also be calculated from Eq. (14) [33].

The resulted data from the effect of temperature
on adsorption procedure are presented in Table 4.
Negative values of AG are indicative of a spontaneous
adsorption process. Moreover, negative values of AH
and positive AS values show that the removal of AR14
and AB92 by TS is an exothermic reaction with
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Table 3
Kinetic constants for the adsorption of AR14 and AB92 by TS
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Dye concentration (mg/L)

50 75 100 125 150
AR14 AB92 AR14 AB92 AR14 AB92 AR14 AB92 AR14 AB92
(@e)exp (mg/g)  73.822 42.327 101.696 42.476 123.541 41.405 136.568 38.830 117.716 36.495
Pseudo-first-order (ge)ca (mg/g)  42.024 22.646 49.238 30.095 70.990 35793 88.982 41.210 99.687 39.875
K; (1/min) 0.075 0.061 0.065 0.051  0.063 0.044 0.077 0.037  0.047 0.030
rR? 0.950 0.939 0.904 0.966 0.943 0977 0.937 0.965 0.976 0.950
Pseudo-second- (@e)ca (mg/g) 76.336 43.29 104.167 44.444 126.582 45.045 140.845 50 125.000 57.143
order K; (g/mgmin) 0.005 0.009 0.004 0.004 0.003 0002 0.002 0.0007 0.001 0.0003
rR? 0.998 0.997 0.998 0.988 0.997 0.956  0.997 0.775  0.965 0.456
Intraparticle K, (mg/gs'/?) 7958 4409 10697 5025 13489 5201 15195 5328 14296 4.904
diffusion C 23259 13.557 33911 7.277 35387 2.034 38469 5105 11.700 6.795
rR? 0774 0.78 0.750 0922 0.816 0.988 0.806 0.968 0.974 0.925
Table 4 3.7. Cost analysis of TS

Thermodynamic parameters of the adsorption of AR14
and AB92 onto TS

AG (kJ/mol) AH (k] /mol) AS (kJ/mol K)
T(K) AR14 AB92 AR14 AB92 AR14  AB92
303 -645 —-430 —723 -3.135 0.004 0.024
313 -5.09 —4.28
323 —5.71 —4.85
333 -6.18 —4.93

increasing randomness at the interface of solid/liquid.
Also, the obtained AG values are within the ranges of
physisorption mechanisms (—20 < AG < 0 kJ/mol) [34].

The cost analysis for TS is carried out to study its
economic feasibility to employ for the removal of dye
molecules from solutions. For this purpose, the cost
associated to the preparation steps of adsorbent was
carefully analyzed and reported in Table 5. It should
be explained that 1kg of dried TSs is approximately
extracted from 83.3-kg tomato waste that includes
water, peel, leaf, and seed. Then, the cost of adsorbent
for the removal of 1g of dye (AR14 and AB92) con-
sidering its adsorbent capacity was calculated and also
presented in Table 5. The resulted data indicate that
the utilized adsorbent is economically feasible (<0.12%
for the removal of 1g dye molecule) and it can be
classified as a low-cost adsorbent for the treatment

Table 5

Cost analysis of TS for the adsorption of AR14 and AB92
Adsorbent
capacity
(mg/g)

Total cost of
adsorbent ($/kg)

Cost of preparation of
adsorbent ($/kg)

AR14 AB92 removal of 1 g AR14 ($)

Cost of adsorbent for
removal of 1 g AB92 ($)

Cost of adsorbent for

Wet tomato waste 3.82 4.2845
(83.3 kg)

Drying 1.99 kWh 0.025
(50°C for 12 h)

Milling and sieving 0.05

Net Cost ($) 3.895

Other overhead costs  0.3895

(10% of net cost)

125.00 36.23 0.034

0.118
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process of a colored effluent. This result may be owing
to the fact that TS is a biodegradable waste byproduct
from industrial activities and there is no chemical
activation involved in the preparation of TS [35].

4. Conclusion

In this study, the effective removal of two acid
dyes (C.I. Acid Red 14-AR14 and C.I. Acid Blue 92-
AB92) was investigated using TS as a new natural and
cost-effective biosorbent. The characterization of this
adsorbent was analyzed by FTIR spectra, FESEM
images, and pHzpc determination. The results indi-
cated that TS with relatively porous surface area can
be applicable for the removal of anionic dye molecules
from the acidic media. In this regard, the effect of key
factors such as adsorbent dosage, initial dye concen-
tration, and pH was studied on the performance of TS
for the removal of AR14 and AB92. The equilibrium
data were analyzed by fitting them to various iso-
therm and kinetic models. The results showed that the
Langmuir isotherm and pseudo-second-order kinetic
models with highest R*> values were best fitted to
experimental data at various initial dye concentrations.
According to thermodynamic investigation, the
adsorption process was exothermic and spontaneous.
The maximum dye removal of 89 and 85%, and maxi-
mum adsorption capacity of 125 and 36.23 (mg/g)
were achieved for AR14 and AB92, respectively. The
analysis of TS cost revealed that TS is economically
feasible by showing the maximum cost of 0.118$ for
the removal of 1-g dye investigated in this study.
Therefore, TS can be successfully utilized as a low-
cost, eco-friendly, and industrial waste material for
the removal of organic dye molecules from effluents.
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