4638

J. Chem. Eng. Data 2010, 55, 46384649

Textile Dye Removal from Single and Ternary Systems Using Date Stones:
Kinetic, Isotherm, and Thermodynamic Studies
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In this paper, the removal of the dyes acid green 25 (AG25), acid black 26 (AB26), and acid blue 7 (AB7)
onto date stones (DS) from single and ternary systems was investigated. Surface studies of DS were
investigated by Fourier transform infrared (FTIR) and scanning electron microscopy (SEM). Experiments
were carried out as a function of adsorbent dosage, initial dye concentration, inorganic anion (salt), pH, and
temperature in single and ternary systems. The adsorption kinetics, isotherms, thermodynamics, and dye
desorption were studied in single and ternary dye systems. The adsorption kinetics was modeled using the
pseudofirst-order, pseudosecond-order, and intraparticle diffusion kinetics equations. The equilibrium
adsorption data of AG25, AB26, and AB7 dyes on DS were analyzed. Thermodynamic parameters of dye
adsorption were obtained. In addition, the regeneration of DS was studied using dye desorption in single
and ternary dye systems. The adsorption kinetics of the dyes followed pseudosecond-order kinetics. The
results indicate that the Langmuir model provides the best correlation of the experimental data. The
thermodynamic studies showed that the dye adsorption onto DS was a spontaneous, endothermic, and physical
reaction. A high desorption of AG25, AB26, and AB7 showed the regeneration of DS. It can be concluded
that DS are suitable as an adsorbent material to remove AG25, AB26, and AB7 dyes from single and ternary

systems.

Introduction

The textile dyeing industry consumes large quantities of water
at its different steps of dyeing and finishing, among other
processes. The nonbiodegradable nature of dyes and their
stability toward light and oxidizing agents complicate the
selection of a suitable method for their removal. Moreover,
toxicity bioassays have demonstrated that most dyes are
toxic.>®

Dyes may drastically affect photosynthetic phenomena in
aquatic life because of reduced light penetration.”® As a result,
the removal of color from waste effluents has become environ-
mentally important.®'° Various methods, including coagula-
tion,** chemical oxidation,*? adsorption,*®** electrochemistry,*®
and so forth, have been examined. Among the above-mentioned
methods, adsorption is considered to be superior to other
techniques because of low cost, the simplicity of design,
availahility, and the ability to treat dyesin a more concentrated
form.*®17 Activated carbon has been widely studied and proven
to have high adsorption abilities to remove a large number of
organic compounds. However, its use is limited mainly because
of its high cost.*®° So, the research of recent years mainly
focused on utilizing natural materials as aternatives to activated
carbon.’®~%° Several adsorbents have been used already.'® 23

A literature review showed that date stones (DS) have not
been used to remove dyes from colored wastewater. The world
production of dates was approximately 6.7 million tonnes in
2004. The mgjor producers in the world are Egypt, Iran, Saudi
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Arabia, United Arab Emirates, Pakistan, Algeria, and other
Mediterranean countries. Algeria produces 450 000 tonnes per
year of dates.?*?® In this research, DS were used as an adsorbent
to remove three acid dyes from agueous solution in single and
ternary systems. Acid green 25 (AG25), acid black 26 (AB26),
and acid blue 7 (AB7) were used as model dyes. Acid dyes
denote a large group of anionic dyes with a relatively low
molecular weight that carry one to three sulfonic groups. They
are mainly monoazo compounds but also include diazo, nitro,
1-amino-anthragquinone, triphenyl methane, and other groups of
compounds. The name “acid dye” is derived from the dyeing
process, the dyes are applied to wool, silk, and polyamides in
weakly acid solution (pH 2 to 6).2° Effective parameters such
as adsorbent dosage, dye concentration, inorganic anions (salt),
pH, and temperature were investigated for dye removal. Kinetics,
isotherm, and thermodynamic studies were conducted to evaluate
the adsorption capacity of DS in single and ternary systems.

Experimental Section

Chemicals and Materials. DS were obtained from a local
fruit field in Iran. The DS were washed to remove the adhering
dirt and then dried, crushed, and sieved. They were dried at
room temperature (25 °C) for 24 h. After drying, they were
sieved through a 3.36 mm mesh. The acid dyes (AG25, AB26,
and AB7) were used. The dyes were purchased from Ciba Ltd.
The chemical structure of the dyes is shown in Figure 1. Other
chemicalswere Anaar grade from Merck. The Fourier transform
infrared (FTIR) spectrum of DS was prepared with a Perkin-
Elmer spectrophotometer Spectrum One in the range of (450
to 4000) cm~%. A CECIL 2021 UV —vis spectrophotometer was
used to determine the dye removal. Scanning electron micros-
copy (SEM) studies were performed using Philips XL 30 images.
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Figure 1. Chemical structure of the dyes (a) AB26, (b) AB7, and (c) AG25.

Adsorption Tests. The adsorption measurements were con-
ducted using various amounts of DS [(1to 2) g-L '] for AB26,
AG25, and AB7 in jars containing 200 mL of a dye solution
(50 mg-L) at various pH values (2 to 12). The pH of the solution
was adjusted by adding a small amount of H,SO, or NaOH.
Dye solutions were prepared using distilled water to prevent
and minimize possible interferences. Adsorption experiments
were performed at various concentrations of dye solutions using
the optimum amount of DS (DS = 2 g-L* for AB26, AG25,
and AB7) at pH 2 and 25 °C for 40 min to attain the equilibrium
conditions. The absorbance of all samples were monitored and
determined at certain time intervals [(2.5, 5, 10, 15, 20, 25, 30,
35, and 40) min] during the adsorption process. After the
experiments, the samples were centrifuged by a Hettich EBA20,
and then the dye concentration was determined. To investigate
inorganic ion (salts) effects on dye removal efficiency, 1 mmol
of NaSO,4, NaHCO;, K,CO3, and NaCl were added to the dye
solution (200 mL). The equilibrium was established after 30
min. At the end of the adsorption experiments, the samples were
centrifuged, and the dye concentration was determined. For
thermodynamic studies, the adsorption of dyes at different
temperatures [(25 to 65) °C] was performed.

Dye concentrations were calculated as follows: for aternary
system of components A, B, and C that were measured at
wavelengths of 1;, 1,, and A3, respectively, to give optical
dengities of dj, dp, and ds:

Ch = (d X+ dyY + d32)/ (kg X + KoY + KasZ2) (D)
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Figure 2. FTIR spectrum of DS.

(X = Kagkcr = Kgokesr Y = Kgikes — Kagkey;
Z = Kgokey — KaiKeo)

Cg = (0 X' + Ay + dyZ)/(KgyX' + KgpY' + KgoZ')
@

(X' = KpoKeg = Kaokear Y = Kagkoy — Kagkes:
Z' = KuKep — Kagkcy)

Co = (dX" 4+ dpY" + dyZ")/(Kgy X" + KoY + KgsZ")
©)

(X" = Knokgz = Kagkgor  Y" = Kngka; — KaKag;
Z" = KnKap = Knokgy)

where Kai, K1, Kei Kaz, Kez, Keoo Kas, Kes, and ke are the

calibration constants for components A, B, and C at the three
wavelengths 44, 4, and 13, respectively.

Surface Studies. The FTIR spectrum of DS was prepared
with a Perkin-Elmer spectrophotometer. The surface images of
DS before and after the adsorption process were captured by
SEM. The experiments were conducted with 200 mL dye
solutions (AB26, AG25, and AB7) with a concentration of 50
mg-L~'a pH 2 and 2 g-L* DS. DS powders were separated
from the solutions and dried for 120 min at 50 °C. Then the
DS samples were visually examined by SEM.

Desorption Studies. The biosorbent that was used for the
adsorption of dye solution was separated from solution by
filtration and then were dried. It was agitated with 200 mL of
distilled water at different pH values (2 to 12) for the
predetermined equilibrium time of the adsorption process. The
desorbed dye was measured.

Results and Discussion

Surface Characteristics. The FTIR spectrum of DS (Figure
2) shows that the peak positions are at (3422.70, 2923.24,
2851.89, 1742.70, 1619.46, and 1061.62) cm™. The band at
3422.70 cm ™! is due to O—H and N—H stretching, while the
bands at (1742.70, 1619.46, and 1450.81) cm™! reflect the
carbony! group stretching, C=C stretching, and N—H bending,
respectively. The band at 1061.62 cm™! corresponds to C—0O
stretching.?”

SEM has been a primary tool for characterizing the surface
morphology and fundamental physical properties of adsorbent
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Figure 3. SEM images of raw and dye adsorbed DS after 30 min. () Raw DS, (b) dye adsorbed DS (AG25), (c) dye adsorbed DS (AB26), and (d) dye

adsorbed DS (AB7).

surfaces. It isuseful for determining the particle shape, porosity,
and appropriate size distribution of the adsorbent. Scanning
electron micrographs of raw DS and adsorbed DS with AG25,
AB26, and AB7 are shown in Figure 3. From Figure 3, it is
clear that DS has considerable numbers of pores where thereis
agood possibility for dyesto be trapped and adsorbed into these
pores. The SEM pictures of the DS samples show very
distinguished dark spots which can be taken as a sign for the
effective adsorption of dye molecules in the cavities and pores
of this adsorbent.

Effective Parameters on Dye Remowal. Adsorbent Do-
sage Effect. The effect of DS dosages on dye removal in single
and ternary systems was investigated by contacting 200 mL of
dye solution with an initial dye concentration of 50 mg-L™*
using jar tests at room temperature (25 °C) for 30 min. Different
amounts of DS [(1 to 3) g-L Y] for AB26, AG25, and AB7
were applied. After equilibrium, the samples were centrifuged,
and the concentration in the supernatant dye solution was
analyzed. A plot of dye removal (%) versus time at different
adsorbent dosage is shown in Figure 4.

The increase in adsorption with adsorbent dosage can be
attributed to an increased adsorbent surface and the availability
of more adsorption sites. However, if the adsorption capacity
is expressed in milligrams adsorbed per gram of material, the
capacity decreases with the increasing amount of sorbent. This
may be attributed to overlapping or aggregation of adsorption
sites, resulting in a decrease in total adsorbent surface area
available to the dye and an increase in diffusion path length.*3

Dye Concentration Effect. The effects of initial dye con-
centration on dye removal in single and ternary systems were
studied. Experiments were conducted at different dye concentra-

tions of (25, 50, 75, and 100) mg-L 1 [(DS: 2 g-L~* for AB26,
AG25, and AB7), pH 2, and 200 mL dye solution]. For al dyes,
the equilibrium capacity decreases with anincreasein the initia
concentrations as shown in Figure 5. It can be attributed that
the active sites on the adsorbent for dye removal decrease when
the dye concentration increases.

The amount of the dye adsorbed onto DS increases with an
increase in the initial dye concentration at a constant amount
of adsorbent. Thisis due to the increase in the driving force of
the concentration gradient with the higher initial dye concentra-
tions. At low initial dye concentrations, the adsorption of dyes
by DS is very intense and reaches equilibrium very quickly.
This indicates the possibility of the formation of monolayer
coverage of the molecules at the outer interface of the DS. At
afixed DS dosage, the residua concentration of dye molecules
will be higher for higher initial dye concentrations. In the case
of lower dye concentrations, the ratio of initial number of dye
moles to the available adsorption sites is low. At higher
concentrations, the number of available adsorption sites becomes
lower, and subsequently the removal of dyes depends on the
initial concentration. At high concentrations, it is not likely that
dyes are only adsorbed in a monolayer at the outer interface of
biosorbent. 6142829

Inorganic Anion (Salt) Effect. The occurrence of dissolved
inorganic ions is rather common in dye-containing industrial
wastewater.® These substances may compete for the active sites
on the adsorbent surface and, subsequently, decrease the dye
removal efficiency. A major drawback resulting from the
reactivity and nonselectivity of active sites on the adsorbent is
that it also reacts with nontarget compounds present in the
background water matrix, that is, dye auxiliaries present in the
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Figure 4. Effect of adsorbent dosage on dye removal by DS in single (sin) and ternary (ter) systems: (a) AG25 (sin), (b) AG25 (ter), (c) AB26 (sin), (d)
AB26 (ter), (6) AB7 (sin), and (f) AB7 (ter) (Co = 50 mg-L %, pH 2, and 25 °C). Adsorbent/g-L": @, 1; W, 1.5; A, 2; and x, 3.

exhausted dye bath. This results in a higher adsorbent demand
to accomplish the desired degree of dye removal.

To investigate the effect of inorganic anions on dye removal
in single and ternary systems, Na,SO,;, NaHCO;, K,CO3; and
NaCl were added to the dye solution. Figure 6 illustrates that
the dye remova capacity of dyes by DS decreases in the
presence of inorganic salts because these salts have small
molecules and compete with dyes for adsorption onto DS.

pH Effect. The results of blank dye solution studies indicated
that a change of theinitial pH of the dye solution has a negligible
effect on the A Of AB26, AG25, and AB7 dyes (pH 2 to 12),
and during the experiments the pH of the dye solutions was
not changed significantly. This observation proved that, over
this range of pH, no chemica structura change of the dye
molecules occurs. On the basis of this observation and assuming
negligible dissociation of the adsorbent, the pH of all dye
solutions was reported as the initial pH, and pH control during
all experiments was ignored. The maximum absorbance wave-
length (Amax) Of AB26, AG25, and AB7 at different pH values
is shown in Table 1.

The effect of the initial pH on the dye removal in single and
ternary systems is shown in Figure 7. The adsorption capacity

increases when the pH decreases. Maximum adsorption of acid
dyesoccursat an acidic pH (pH 2). DS are comprised of various
functiona groups, such as amino, hydroxyl, and carbonyl groups
which are affected by the pH of solutions. Therefore, at various
pH values, electrostatic attraction aswell asthe ionic properties
and structure of dye molecules and DS could play very important
rolesin the dye adsorption on DS. At pH 2, aconsiderably high
electrostatic attraction exists between the positively charged
surface of the adsorbent, due to the ionization of functional
groups of the adsorbent and negatively charged anionic dye
molecules. As the pH of the system increases, the number of
negatively charged sites increases. A negatively charged site
on the adsorbent does not favor the adsorption of anionic dyes
due to electrostatic repulsion.® Also, a lower adsorption of
AB26, AG25, and AB7 dyes at the akaline pH is due to the
presence of excess OH™ ions destabilizing anionic dyes and
competing with the dye anions for the adsorption sites. Thus,
the effective pH was 2, and it was used in further studies.

Temperature Effect. The adsorption studiesin single and ternary
systems were carried out a different temperatures [(25, 35, 45, 55,
and 65) °C], and the results of these experiments are shown in Figure
8. The adsorption capacity increases with the increasing temperature,
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Figure 5. Effect of dye concentration on dye remova by DSin single (sin) and ternary (ter) systems: (8) AG25 (sin), (b) AG25 (ter), (c) AB26 (sin), (d) AB26 (ter),
(e) AB7 (sin), and (f) AB7 (ter) (pH 2, 25 °C, and DS = 2 g-L " for AG25, AB26, and AB7). Dye/mg-L % 4, 25; W, 50; A, 75; and x, 100.

indicating that the adsorption is an endothermic process. Thismay be
a result of an increase in the mobility of the dye with increasing
temperature® An increasing number of molecules may aso acquire
aufficient energy to undergo an interaction with active stes a the
surface. Furthermore, the increasing temperature may produce a
swelling effect within the internd structure of the DS, enabling the
large dye to penetrate further.3

Adsorption Kinetics. Severd models can be used to express the
mechanism of solute sorption onto a sorbent. To design a fast and
effective modd, investigations were made on the adsorption rate. For
the examination of the controlling mechanisms of the adsorption
process, such as chemica reaction, diffusion control and masstrandfer,
severa kinetics models are used to test the experimental data 333

The pseudofirst-order equation is generally represented as
follows:>>36

dagy/dt = k(9. — Q) 4)

where ge, G, and k; are the amount of dye adsorbed at
equilibrium (mg-g~1), the amount of dye adsorbed at time t
(mg-g™Y), and the equilibrium rate constant of pseudofirst
order kinetics (min~?), respectively. After integration and

applying conditions, = 0att=0and g = q; at t = t, then
eq 4 becomes

log(qe — @) = log(qe) — (ki/2.303)t ©)

The straight-line plots of log(dge — @) versus t for the
adsorption of AB26, AG25, and AB7 onto DS at different dye
concentrations [(25, 50, 75, and 100) mg-L ] have also been
tested to obtain the rate parameters. The k;, the calculated ge
((9e)ca), and the coefficient of determination (R?) were calculated
and are given in Table 2 for single and ternary systems.

Data were applied to the pseudosecond-order kinetic rate
equation which is expressed as;*3"

day/dt = ky(g, — q) (6)

where k; is the equilibrium rate constant of the pseudosecond-
order kinetic model (g-mg~t-min2). On integrating eq 6,

t/g, = 1/k,q.° + (gt 7)
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Figure 6. Effect of inorganic ions on dye removal by DS in single (sin) and ternary (ter) systems: (a) AG25 (sin), (b) AG25 (ter), (c) AB26 (sin), (d) AB26
(ter), (€) AB7 (sin), and (f) AB7 (ter) (Co=50mg-L ™%, pH 2, 25°C, and DS= 2 g-L ! for AG25, AB26, and AB7). Salt: ¢, no salt; M, NaCl; a, Na&SO;;

x, NaHCOs3; and x, K,COs.

Table 1. Effect of the Initial pH of Dye Solutions on the Maximum
Absorbance Wavelength (Amax (Nm)) of AB26, AG25, and AB7

Amax (NM)
pH AB26 AG25 AB7
2 550 605 640
4 552 603 638
6 551 602 641
8 550 604 639
10 549 605 641
12 552 603 641

To understand the applicability of the model, linear plots of
t/qr versus t under dye concentration values [(25, 50, 75, and
100) mg-L 1] for the adsorption of AB26, AB7, and AG25 onto
DS were plotted. The k;, the calculated ge ((de)ca), and the
coefficient of determination (R?) were calculated and are given
in Table 2 for single and ternary systems.

The possibility of intraparticle diffusion resistance affecting

adsorption was explored by using the intraparticle diffusion
model as

G = kt'* + 1 (8)

25

20

15

e/ mg.g ™

10 -

0 2 4 6 8 10 12

pH
Figure 7. Effect of pH on the adsorption of dyes onto DS in single and
ternary systems (Co = 50 mg-L %, 25 °C, and DS = 2 g-L* for AG25,
AB26, and AB7). ¢, AG25 (sin); B, AG25 (ter); A, AB26 (sin); x, AB26
(ter); x AB7 (sin), and @, AB7 (ter).

where k, is the
(mg-g t-min~%?).
Values of | (Table 2 for single and ternary systems) give an
idea about the thickness of the boundary layer, that is, the larger
the intercept, the greater the boundary layer effect is. According
to this model, a plot of uptake should be linear if intraparticle

intraparticle diffusion rate constant
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Figure 8. Adsorption of dyes onto DS at different temperatures (°C) in single (sin) and ternary (ter) systems (a) AG25 (sin), (b) AG25 (ter), (c) AB26 (sin),
(d) AB26 (ter), (€) AB7 (sin), and (f) AB7 (ter) (Co =50 mg-L %, pH 2, and DS = 2 g-L* for AG25, AB26, and AB7). t/°C: 4, 25; B, 35; A, 45; x, 55;

and x, 65.

diffusion isinvolved in the adsorption process, and if these lines
pass through the origin, then intraparticle diffusion is the rate-
controlling step.®8~4° When the plots do not pass through the
origin, this indicates some degree of boundary layer control and
shows that the intraparticle diffusion is not the only rate-limiting
step, but also other kinetic models may control the rate of
adsorption, all of which may be operating simultaneously.

The linear fit between the t/q; versus contact time (t) and
calculated coefficient of determination (R?) for the pseudosec-
ond-order kinetics model shows that the dye removal kinetics
can be approximated as a pseudosecond order kinetics model
(Table 2). In addition, the experimental de ((0e)exp) Values agree
with the calculated ones ((ge)ca), obtained from the linear plots
of the pseudosecond-order kinetics model (Table 2).

Adsorption | sotherms. To optimize the design of an adsorp-
tion system for the adsorption of adsorbates, it is important to
establish the most appropriate correlation for the equilibrium
curves. Various isotherm equations like those of Langmuir,
Freundlich, and Tempkin for single systems and the extended
Langmuir, extended Freundlich, and Tempkin isotherms for
ternary systems were tested in this work.

In the Langmuir theory, the basic assumption is that the
sorption takes place at specific homogeneous sites within the
adsorbent. This equation can be written as follows:** ¢

Oe = QK. CJ/(1 + K. C) )
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Table 2. Kinetics Constants for Dye Adsorption by DS at (25, 50, 75, and 100) mg-L ~* Dye Concentrations in Single and Ternary Systems (200

mL Solution, pH 2.5, 25 °C, and DS = 2 g-L ~* for AG25, AB26, and
g-mg~*-min~% and Ky/mg-g t-min~%2)

AB7) (Dye/mg-L ™% (Ge)exp/Mg g% (ddca/mg-g; ky/min~? ko

pseudofirst order pseudosecond order intraparticle diffusion
dye (Ge)exp (Ge)ca ky R (de)ca ka R? Ko I R2
Single System AG25
25 11.625 7.040 0.133 0.954 12.050 0.054 0.998 1.506 3.824 0.756
50 21.500 13.920 0.131 0.964 22.420 0.026 0.998 2.855 6.596 0.787
75 27.940 19.850 0.137 0.969 29.240 0.018 0.997 3.797 8.013 0.808
100 32.500 24.430 0.125 0.977 34.600 0.011 0.995 4.642 7.791 0.859
AB26
25 12.125 7.081 0.167 0.970 12.469 0.076 0.999 1.506 4518 0.693
50 23.625 15.922 0.181 0.965 24.331 0.036 0.999 2971 8.566 0.708
75 32.250 20.123 0.131 0.957 33.557 0.018 0.998 4.234 10.213 0.773
100 37.000 25.509 0.127 0.968 38.580 0.013 0.997 5.072 10.288 0.820
AB7
25 10.875 6.720 0.129 0.952 11.290 0.054 0.998 1.423 3.473 0.770
50 19.500 13.030 0.128 0.965 20.370 0.026 0.997 2.631 5.699 0.804
75 25.500 18.580 0.125 0.973 26.950 0.016 0.996 3.589 6.467 0.846
100 28.500 23.320 0.122 0.984 30.770 0.010 0.993 4.260 5571 0.893
Ternary System AG25
25 11.125 6.711 0.148 0.949 11.534 0.064 0.998 1.446 3.754 0.744
50 20.750 13.804 0.131 0.967 21.692 0.025 0.997 2.784 6.179 0.798
75 27.750 18.493 0.133 0971 28.985 0.018 0.997 3.763 8.070 0.803
100 31.000 25.972 0.146 0.972 33.003 0.012 0.995 4.461 7.415 0.855
AB26
25 11.875 7.031 0.166 0.972 12.210 0.075 0.999 1.482 4.379 0.698
50 23.000 14.342 0.159 0.969 23.753 0.034 0.999 2.920 8.105 0.723
75 31.500 20.649 0.127 0.952 32.895 0.016 0.997 4.203 9.442 0.796
100 36.000 25.275 0.127 0.970 37.879 0.012 0.996 4976 9.733 0.829
AB7
25 10.375 7.163 0.152 0.962 10787 0.059 0.998 1.366 3.310 0.769
50 18.750 12.814 0.128 0.967 19.646 0.026 0.997 2.560 5.283 0.816
75 24.375 18.315 0.125 0.976 25.840 0.015 0.995 3.481 5.843 0.859
100 27.500 23.089 0.121 0.985 29.851 0.010 0.992 4.164 5.017 0.902

Table 3. Isotherm Constants for Dye Adsorption by DS at Different

and DS = 2 g-L ! for AG25, AB26, and AB7) (Qymg-g % K./L-mg"

Temperatures in Single System (200 mL Solution, pH 2, Co = 50 mg-L 4,
L Ke/L-g7Y Ky/mg-L™%; and By/mg-g™?)

Langmuir isotherm model Freundlich isotherm model Tempkin isotherm model
temperaturd°C Qo KL R R2 Kr n R2 Kt B: R2
AG25
25 35.842 0.223 0.082 0.999 9.638 2.793 0.959 2.628 7.198 0.993
35 36.101 0.247 0.075 0.999 10.256 2.882 0.962 3.124 7.068 0.995
45 36.232 0.279 0.067 0.999 10.940 2.817 0.966 3.824 6.902 0.996
55 36.496 0.317 0.059 0.999 11.722 3.115 0.970 4.869 6.692 0.997
65 36.496 0.369 0.051 0.998 12.647 3.279 0.975 6.562 6.425 0.998
AB26
25 39.526 0.543 0.035 0.999 14.863 3.196 0.931 8576 7.081 0.984
35 39.370 0.715 0.027 0.999 16.520 3.499 0.943 14.789 6.524 0.989
45 39.216 1.024 0.019 0.999 18.810 4.031 0.964 37.061 5.691 0.997
55 39.062 1.730 0.011 0.998 21.355 4771 0.979 89.962 5.109 0.998
65 39.370 2.288 0.009 0.998 22.336 4.840 0.944 115.367 5.106 0.983
AB7
25 33.113 0.140 0.125 0.999 7.283 2.627 0.975 1.499 6.950 0.997
35 33.445 0.150 0.118 0.999 7.631 2.668 0.977 1.648 6.939 0.997
45 33.784 0.160 0.111 0.999 8.011 2.716 0.979 1.831 6.912 0.998
55 34.130 0.172 0.104 0.998 8.429 2772 0.981 2.059 6.867 0.998
65 34.483 0.186 0.097 0.998 8.890 2.836 0.982 2.349 6.800 0.998
R =11+ K.C) (11)

where C,, K, and Q, are the equilibrium concentrations of dye
solution (mg-L™%), the Langmuir constant (L-mg™t), and the
maximum adsorption capacity (mg-g™?), respectively.

The linear form of the Langmuir equation is:

Cdde = 1K Q, + CJQq (10)

The essential characteristic of the Langmuir isotherm can be
expressed by the dimensionless constant called the equilibrium
parameter, R, defined by

where Cy is the initial dye concentration (mg-L™%).

R_ vaues indicate the type of isotherm to be irreversible (R.
= 0), favorable (0 < R_ < 1), linear (R. = 1), or unfavorable
(R. > 1).*” The R_ values for the adsorption of AG25, AB26,
and AB7 on DS are shown in Table 3 for the single systems
and Table 4 for the ternary systems.

An extended Langmuir model eq 12, was employed to fit
the experimental data in the multicomponent system.*®
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Table 4. Isotherm Constants for Dye Adsorption by DS at Different Temperaturesin Ternary System (200 mL Solution, pH 2, Cy = 50
mg-L~%, and DS = 2 g-L ! for AG25, AB26, and AB7) (Q¥/mg-g % K./L-mg™% Ke/L g% Ke/mg-L™%; and By/mg-g™Y)

Extended Langmuir Isotherm Model

AG25 AB26 AB7

temperature/°C Qo K. R R2 Qo K R R2 Qo K R R?
25 36.101 0.162 0.109 0.999 39.682 0.336 0.056 0.999 33.333 0.105 0.160 0.999
35 36.363 0.177 0.102 0.999 39.682 0.403 0.047 0.999 33.670 0.110 0.153 0.999
45 36.630 0.193 0.094 0.999 39.682 0.499 0.038 0.999 34.130 0.116 0.147 0.999
55 36.764 0.214 0.085 0.999 39.526 0.649 0.029 0.999 34.483 0.123 0.140 0.999
65 36.900 0.239 0.077 0.999 39.370 0.904 0.022 0.998 34.843 0.131 0.132 0.999

Extended Freundlich Isotherm Model
AG25 AB26 AB7

a2 R2 a3 R an R2 Az R2 az R az R2
25 0.005 0.784 0.007 0.650 0.012 0.746 0.011 0.804 0.004 0.713 0.004 0.635
35 0.006 0.769 0.008 0.627 0.015 0.709 0.014 0.770 0.004 0.701 0.005 0.618
45 0.006 0.744 0.008 0.594 0.019 0.662 0.018 0.727 0.005 0.688 0.005 0.600
55 0.007 0.732 0.010 0.574 0.028 0.595 0.026 0.663 0.005 0.671 0.006 0.579
65 0.008 0.710 0.011 0.544 0.062 0.487 0.058 0.556 0.005 0.658 0.006 0.561

Tempkin Isotherm Model
AG25 AB26 AB7
Kt B: R? Kt B: R2 Kt B: R2

25 1.630 7.732 0.990 4.108 7.817 0.987 1.017 7.592 0.996

35 1.835 7.673 0.991 5412 7.487 0.990 1.065 7.379 0.998

45 2.096 7.591 0.993 8.155 7.067 0.993 1.145 7.403 0.998

55 2.435 7.482 0.9%4 12.176 6.845 0.987 1.240 7.415 0.999

65 2.664 7.161 0.993 16.788 5.974 0.995 1.353 7.412 0.999

Gei = (KLiQoiCep)/ (1 + z KLiCei) (12) (Ce2ltep) = (MK ,Qp2) + (Ceof Qqp) +

where K ; is the adsorption equilibrium constant of dyei in the
mixed dye system.

In adsorption from ternary dye solutions, the amounts of dye
adsorbed were expressed as

Oe1 = (K 1Q01Ce /(1 + K 1Cqq + K ,Cqs + K 3Ce)
(13-1)

Qo2 = (KL 2Q02Ce2)/(1 + K 1Cqq + K ,Cqp + K 3Ce)
(13-2)

Oes = (KL 3Q03Cea)/ (1 + K 1Cqq + K ,Cqs + K 3Ce)

(13-3)
According to eq 13-1 to 13-3, we have
(KL 2Ce2) (KL 1 Qo) = (Ge2Ce2)/(0enQo2)  (14-1)
(KL 3Ced) (K 1Qo1) = (0esCon)/(0e1Qoa)  (14-2)
(KL 2Ce2 /(K 3Q03) = (0e2Ce2)/(0e5Q02)  (14-3)

After rearrangement, alinear form of the extended Langmuir
model in the ternary dye system was obtained.

(Cer/Uer) = (UK 1Qp1) + (Cea/Qpn) +
(Qe,zce,ll qe,lQO,Z) + (qe,3Ce,1/ Qe,lQO,S) (15'1)

(Qe,lce,zl Qe,ZQO,l) + (qe,SCe,Zl Qe,ZQO,S) (15'2)

(Cenlbes) = (UK 3Qq3) + (Ces/Qpa) +
(qe,lce,S/ qe,3Q0,1) + (qe,zce,S/ qe,3Q0,2) (15'3)

According to eq 15-1, the values of C.1/ge; have a linear
correlation with Ce1 and (0e2Ce1/0e1Qo2) and (GezCe1/0e1Q0,3)
if the adsorption obeyed the extended Langmuir model. By using
eq 15 as the fitting model, the isotherm parameters of an
individual dye in the ternary dye solutions were estimated and
are listed in Table 4. It can be seen that the isotherms of an
individual dyein the ternary dye systems followed the extended
Langmuir model.

The Freundlich isotherm is derived by assuming a heteroge-
neous surface with a nonuniform distribution of heat of
adsorption over the surface. The Freundlich isotherm can be
expressed by: 444649

0o = KeCY" (16)

where K is the adsorption capacity at unit concentration and
Un is adsorption intensity. The 1/n values indicate the type of
isotherm to be irreversible (1/n = 0), favorable (0 < 1/n < 1),
or unfavorable (1/n > 1).%® Equation 16 can be rearranged to a
linear form:

log g, = log K¢ + (1/n)log C, an

The Kg and 1/n values for the Freundlich adsorption isotherm
are shown in Table 3.

The Sheindrof —Rebhun—Sheintuch (SRS) eguation is a
multicomponent Freundlich-type equation and was based on the
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assumption that thereis an exponential distribution of adsorption
energies available for each solute. A genera form of the SRS
equation may be written as

(@ = KFiCei(Z,(aijCej + aikCek)[(”"i)fl] (18)

where (qe); ¥ is the amount of solute i adsorbed per unit weight
of adsorbent in the presence of solute j and k. Kg is the single
component Freundlich constant for solute i. 1/ni is the Freun-
dlich exponential term for solute i. C4, Cq, and Cy are the
equilibrium concentrations of solute i, j, and k, respectively,
and &; and & are the competitive coefficients.

The general SRS equation for a binary solute system can be
written in the following form.

(qp)%’k = KpCu(Cqy + 8,Cq4 + aikcek)[(ﬂni)_l] (19

The linearized form of the equation is convenient to construct
a competitive adsorption isotherm that measures the amount of
solute adsorbed in the presence of competing solutes. To
represent the batch isotherm data, the following linear forms
of the SRS equation for a ternary solute system are used.

B = (G4 + 3;Cq4 t+ aCql (20)

where B, = [(ge)*/KrCa] ™" ~Y and a; and ay are the competi-
tive coefficients for ternary systems. Competitive coefficients
for ternary solute systems are computed by plotting B; versus
Cq and Cq. The values of the competitive coefficients are
listed in Table 4.

The Tempkin isotherm is given as:

0. = RT/bIn(K;C)) (21)
which can be linearized as:
0. = B;InK; + B, InC, (22)
where
B, = RT/b (23)

A plot of ge versus In C enables the determination of the
isotherm constants B; (mg-g 1) and Kt (mg-L 1) from the dope
and the intercept, respectively (Table 3 for the single system
and Table 4 for the ternary system). Ky is the equilibrium
binding constant corresponding to the maximum binding energy.
The Rand T are the gas constant (8.314 J-mol~ K™1) and the
absolute temperature (K), respectively. The constant b isrelated
to the heat of adsorption.

The Tempkin isotherm contains a factor that explicitly takes
into account the adsorbing species adsorbent interactions. This
isotherm assumes that (i) the heat of adsorption of al the
moleculesin the layer decreases linearly with coverage because
of adsorbent—adsorbate interactions and (ii) the adsorption is
characterized by a uniform distribution of binding energies, up
to some maximum binding energy.">?

The calculated coefficient of determination (R?) shows that
the dye remova isotherm using DS does not follow the
Freundlich and Tempkin isotherms (Tables 3 and 4). The linear
fit between the CJ/qe versus C, and the calculated coefficient of
determination (R?) for the Langmuir isotherm model show that
the dye removal isotherm can be approximated as the Langmuir
and the extended Langmuir isotherm models in single and
ternary systems, respectively (Tables 3 and 4). This means that
the adsorption of dyes takes place at specific homogeneous sites

Table 5. Thermodynamic Parameters of Dye Adsorption on DS in Single and Ternary Systems (200 mL solution, pH 2.5, and DS=2 g-L™*
for AG25, AB26, and AB7) (Dye/mg-L %, AHYkJ-mol™%; AS%J-mol 1K1 AGYkJ-mol™?%)

AGP
dye AHC AS 298 K 308 K 318 K 328 K 338 K
Single System AG25
25 15.251 65.410 —4.241 —4.895 —5.549 —6.203 —6.857
50 7.967 35.963 —2.750 —3.110 —3.469 —3.829 —4.188
75 4.882 20.158 —1.125 —1.327 —1.528 —1.730 —1.932
AB26
25 43.005 167.070 —6.782 —8.452 —10.123 —11.794 —13.465
50 27.345 108.772 —5.069 —6.157 —7.245 —8.332 —9.420
75 8.604 38.801 —2.958 —3.346 —3.734 —4.122 —4.510
AB7
25 8.604 38.801 —2.958 —3.346 —3.734 —4.122 —4.510
50 5.237 22.285 —1.403 —1.626 —1.850 —2.072 —2.295
75 3.987 13.851 -0.141 —0.279 —0.418 —0.556 —0.695
Ternary System AG25
25 10.328 65.410 —9.165 —9.819 —10.473 —11.127 —11.781
50 6.583 46.118 —7.160 —7.621 —8.082 —8.543 —9.004
75 4.592 18.302 —0.862 —1.045 —1.228 —-1.411 —1.594
AB26
25 33.321 129.299 —5.210 —6.503 —7.796 —9.089 —10.382
50 15.251 65.410 —4.241 —4.895 —5.549 —6.203 —6.857
75 6.976 31.350 —2.367 —2.680 —2.994 —3.307 —3.621
AB7
25 6.583 29.438 —2.189 —2.484 —2.778 —3.072 —3.367
50 4.730 19.200 —0.992 —1.184 —1.376 —1.568 —1.760
75 3.786 12.060 0.192 0.072 —0.049 —0.170 —0.290
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Figure 9. Effect of pH on the desorption of dyes from DS in single and
ternary systems (pH 2, 25 °C, and DS = 2 g-L~* for AG25, AB26, and
AB7). @, AG25 (sin); B, AG25 (ter); a, AB26 (sin); x, AB26 (ter); x,
AB7 (sin); and @, AB7 (ter).

and one layer adsorption onto the DS surface in single and
ternary systems.

Thermodynamic Studies. The thermodynamic parameters
such as the change in Gibbs energy (AG), enthalpy (AH), and
entropy (AS) were determined by using the following equations:

AG = AH — TAS (24)
KC = CA/CS (25)
InK, = (AS/R) — (AH/RT) (26)

where K., Ca, and Cs are the equilibrium constant, the amount
of dye adsorbed on the adsorbent of the solution at equilibrium
(mol-L~%), and the equilibrium concentration of dye in the
solution (mol -L 1), respectively.

By plotting a graph of In K. versus 1T, the values AH and
AScan be estimated from the slopes and intercepts, respectively.
Table 5 shows (the negative values of AG and positive AH)
that the AG25, AB26, and AB7 dye adsorption onto DS is
spontaneous and endothermic in the single and ternary systems.
The positive value of AS suggests increased randomness at the
solid—solution interface occurs in the internal structure of the
adsorption of AG25, AB26, and AB7 dyes onto DS. The positive
values of AH indicate the presence of an energy barrier in the
adsorption process and an endothermic process.>® The change
in Gibbs energy for physisorption is between (—20 and 0)
kJ-mol 2, but chemisorption is in a range of (—80 to —400)
kJ-mol ~1.5* The values of AG obtained in this study are within
the ranges of (—20 and 0) kJ-mol %, indicating that physisorp-
tion is the dominating mechanism.

Desorption Studies. Desorption studies help to elucidate the
mechanism and recovery of the adsorbate and adsorbent.
Desorption tests show that a maximum dye release of 91 % for
AG25, 87 % for AB26, and 97 % for AB7 were achieved in
aqueous solution at pH 12 (Figure 9). As the pH of the system
increases, the number of negatively charged sites increased. A
negatively charged site on the adsorbent favors desorption of
the dye anions due to electrostatic repulsion. At pH 12, a
significantly high electrostatic repulsion exists between the
negatively charged surface of the adsorbent and the anionic dyes.

Conclusions

Kinetic, equilibrium, and thermodynamic studies were con-
ducted for the adsorption of acid black 26 (AB26), acid green

25 (AG25), and acid blue 7 (AB7) from agueous solutions onto
DS in single and ternary systems. The results of adsorption
showed that DS can be effectively used as a biosorbent for the
removal of anionic dyes. The DS biosorbent exhibited high
sorption capacities toward AG25, AB26, and AB7. The kinetic
studies of dyes on DS were performed based on pseudofirst-
order, pseudosecond-order, and intraparticle diffusion rate
mechanisms. The data indicated that the adsorption kinetics of
dyes on DS followed the pseudosecond-order model at different
dye concentrations. The equilibrium data were analyzed using
the Langmuir, Freundlich, and Tempkin isotherms, and the
characteristic parameters for each isotherm were determined.
The results showed that the experimenta data were correlated
reasonably well by the Langmuir and the extended Langmuir
isotherm models in single and ternary systems, respectively.
Thermodynamic studies indicated the presence of an energy
barrier in the adsorption process and an endothermic process.
Desorption studies were conducted, and the results showed that
at akaline pH values high electrostatic repulsion existed between
the negatively charged surface of the adsorbent and the anionic
dyes. On the basis of the data of the present study, one could
conclude that the DS is an eco-friendly adsorbent for dye
removal from colored textile wastewater.
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