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ARTICLE INFO ABSTRACT

Keywords: A new magnetic zeolite was prepared by the chemical co-precipitation of Fe* and Fe>™ in the presence of natural
Basic Blue 41 Manisa- Gordes clinoptilolite. The adsorption of Basic Blue 41 (BB41) from aqueous solutions on natural and
Clinoptilolite magnetically modified zeolite were studied at 298-323 K in a batch system. Natural and magnetic zeolites were
f;:;:Ztic seolite characterized by Nadsorption-desorption, XRD, FTIR, SEM-EDX and VSM analyses. Compared to natural zeolite,
Adsorption Sger-specific surface area of magnetic zeolite increased by modification process. XRD pattern and FTIR spectra of
Isotherm magnetic zeolite showed the characteristic Fe304 peaks. Optimum parameters were determined based on the

experimental data by investigating the various parameters such as pH, initial dye concentration, adsorbent
dosage, adsorbent particle size, contact time, stirring speed and temperature. Adsorption isotherms and kinetics
were analyzed using Langmuir, Freundlich, Dubinin-Radushkevich (D-R), Temkin, Pseudo first order and Pseudo
second order models. Adsorption of BB41 on natural and magnetic zeolites well fitted to Langmuir isotherm and
pseudo second order kinetic models. The maximum adsorption capacities of natural and magnetic zeolites were
determined as 149.25 mg/g and 370.37 mg/g at 323 K, respectively. Thermodynamic analysis revealed a

spontaneous and endothermic nature of natural and magnetic zeolites.

1. Introduction

Nearly 50% of the dyes used in the textile industry are not fixed to
surface of the textile fiber due to the lack of affinity and can be toxic in
wastewaters even at small concentrations [1]. Textile wastewaters are
characterized with high in color and salinity due to alkaline dyes which
are often used in the industry. Their complex structure and synthetic
origin in water make them difficult to remove. Biological, chemical, or
physical methods are used for the treatment of textile wastewaters [2].
Among these techniques, adsorption is often preferred for the removal of
dyes and other contaminants because of economical and simple [3].
Various adsorbents such as coconut fiber [4], phosphoric acid activated
Persea americana nuts [5], boron-enriched nano clay [6], activated
carbon prepared from filament algae [7] have been reported for the
removal of BB41 from aqueous solutions. One of these adsorbents,
natural zeolites are aluminosilicates commonly known as “molecular
sieves” with three-dimensional space systems formed by uniform mi-
cropores [8]. Owing to these properties, crystal violet, congo red,
safranin, methylene blue, can be effectively removed from aqueous

solutions with cheap adsorbents such as zeolite-montmorillonite [9],
zeolite-based polymer composites [10], heulandite, clinoptilolite, phil-
lipsite [11] and kaolin [12]. The dye removal efficiency of zeolites can
be increased with various surface modifications. Magnetic modification
may enable the simple and efficient separation of adsorbents after the
process with an external magnetic field [13]. In recent studies, magnetic
zeolites have been successfully used for water treatment. Badeenezhad
et al. (2019) investigated methylene blue adsorption in a batch mode
with natural and magnetic clinoptilolite. Using natural zeolite, the
removal efficiency of methylene blue found as 48% at pH: 9 [14]. Afshin
et al. (2020) investigated the adsorption of cationic blue 41 with Zeo-
lite/Fe304 nanocomposite. The kinetic data obeyed pseudo second order
model whereas isotherm data fitted well by Freundlich isotherm model.
71.4% dye removal was achieved under optimum conditions [13]. Bayat
et al. (2018) investigated methylene blue adsorption with clinoptiloli-
te/nickel ferrite/sodium alginate nanocomposites which was synthe-
sized by the co-precipitation method. The maximum adsorption capacity
of methylene blue was determined as 54.05 mg/g [15]. Chang et al.
(2016) investigated methylene blue adsorption with Fe3O4 activated
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montmorillonite (Mt), (Fe3O4/Mt), nanocomposite. The removal effi-
ciency was found as 99.47% of methylene blue in medium containing
100 mg/L initial concentration using 0.5 g Fe3O4/Mt. Adsorption ki-
netics and isotherms fitted well with the pseudo-second order and
Langmuir models, respectively [16]. Nyankson et al. (2019) studied
methylene blue adsorption with zeolite and zeolite-Fe304 nano-
composites. Experimental data showed that the adsorption kinetics
fitted well to pseudo-second-order model. The maximum adsorption
capacity was stated as 2.57 mg/g at 25 °C [17].

In the present study, the adsorption of BB41 dye from wastewater
with natural and magnetically modified clinoptilolites was investigated
in a laboratory scale. The characterization results and maximum
adsorption capacity of magnetic zeolite have shown that it can be used
as a new, alternative, and inexpensive adsorbent in wastewater
treatment.

1.1. Mathematical description of the adsorption system

1.1.1. Adsorption isotherms

Adsorption isotherms provide important information to describe
single-layer or multi-layer adsorption of BB41 on zeolite and magnetic
zeolite. The amount of BB41 adsorbed per gram of zeolite and the
adsorption efficiency were determined according to Eqs. (1) and (2)
[18].

q,_ (Co-Cv (€Y)
e
0

Adsorption efficiency% = %MOO 2

Where q is amount of dye adsorbed per gram of adsorbent at equi-
librium (mg/g), C, is initial dye concentration (mg/L), C. is dye con-
centration at equilibrium (mg/L), m is weight of adsorbent, V is volume
of dye solution (L). Equilibrium adsorption isotherm data were analyzed
using Langmuir, Freundlich, Dubinin-Radushkevich (D-R), and Temkin
isotherms. The Langmuir model describes monolayer and uniform
sorption on distinct sites which means the active site adsorbed only one
adsorbate molecule. The Langmuir equation can be written in the
following linear form [16].
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The dimensionless separation factor Ry, which describes the nature,
and the feasibility of the adsorption process is represented as:

1

R, =
LT 146G,
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Where q is amount of dye adsorbed per gram of adsorbent at equi-
librium (mg/g), qm is maximum adsorption capacity (mg/g), C, is initial
dye concentration (mg/L), Ce is dye concentration at equilibrium (mg/
L), b is Langmuir isotherm constant (L/mg). Isotherm type can be clas-
sified according to the Ry, value. R, > 1 is unfavorable, R, = 1 linear
isotherm, 0< Ry, <1 favorable isotherm, Ry, = 0 is irreversible isotherm
[15].

Freundlich isotherm is applicable to adsorption processes that occur
on heterogenous surfaces. The linear form of the Freundlich isotherm is
as follows:

1
Ing, = InKy +—InC, (6)
n

Where q is amount of dye adsorbed per gram of adsorbent at equi-
librium (mg/g), qm is maximum adsorption capacity (mg/g), Kr is
Freundlich isotherm constant ((mg/g)(mg/L)l/ ™), n is adsorption in-
tensity. According to Eq. (6), the plot of InC, against Inq. gives the slope
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and intercept as n and Ky respectively [19].

The Dubinin-Radushkevich (D-R) isotherm [20] model is a funda-
mental equation that describes the adsorption process occurred onto
homogeneous and heterogeneous surfaces. Dubinin-Radushkevich
isotherm model can be expressed using the following equation.

Ing, = Ing,, — kpée* (2]

e=RTIn(1+1/C,) ®)

Where g, is amount of dye adsorbed per gram of adsorbent at equi-
librium (mg/g), qm is maximum adsorption capacity (mg/g), kp is
Dubinin-Radushkevich (D-R) isotherm constant (molz/sz) (related to
average free energy of adsorption per mole of adsorbate), € is the Polanyi
potential, R is universal gas constant (8.314 x 1073 kJ/(molK)), T is
temperature (K), E represents the sorption energy (kJ/mol). The plot of
Inqe against €2 yields a straight line. kp and g, values were obtained
from slope and intercept, respectively. The sorption energy represented
as E (kJ/mol) can be expressed by Eq. (9) as mentioned below.

E = (2kp)} ©)

If the E value is in the 8-16 kJ/mol range, the adsorption is governed
by ion exchange whereas less than 8 kJ/mol, by physical interactions. If
the energy value is greater than 16 kJ/mol, the adsorption mechanism
occurs by chemical interactions [21].

Temkin isotherm model assumed that the heat of adsorption of all
molecules in the layer decreases linearly because of increased surface
coating [22]. Temkin isotherm model is expressed as:

RT

q. = Eln(ACe) (10)

The linear form of Eq. (10) can be expressed as follow:

RT RT
ge =~ InA+5~InC., an
T T

Eq. (12) obtained if B (RT/bt B) is written instead of RT/br;
q. = BInA + BInC, 12)

Where q. is amount of dye adsorbed per gram of adsorbent at equi-
librium (mg/g), qm is maximum adsorption capacity (mg/g), A is equi-
librium constant (L/g), by is Temkin isotherm constant (J/mol), R is
universal gas constant (8.314 x 1073 kJ/(molK)), T is temperature (K).
A plot of qe against InCe yields a straight line with br and A determined
using the slope and intercept, respectively [22].

1.1.2. Adsorption kinetics

Pseudo first order (PFO) and Pseudo second order (PSO) model
fitting was carried out to understand either physical or chemical nature
of dye-adsorbent interaction. The Lagergren pseudo first order kinetic
model can be illustrated as Eqs. (13):

4 =g (1 —exp(kit)) 13

In(q. — q:;) = Inq, — kit 14

Where q. is amount of dye adsorbed per gram of adsorbent at equi-
librium (mg/g), q; is dye adsorbed at time t (mg/g), k; is the pseudo-
first-order rate constant (min_l), t is time (min). k; and g can be
determined using the linear plot of t against In(qe-q¢) [23]. If adsorption
rate has a quadratic mechanism, the pseudo second order (PSO) model
can be written as [19]:

dq! 2
dt 2( 1) ( )

t 1 1
r_ ~; 16
a4 kq? +qg 16

Where q. is amount of dye adsorbed per gram of adsorbent at
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equilibrium (mg/g), q; is dye adsorbed at time t (mg/g), ks is the pseudo-
second-order rate constant (g/(mgmin)), t is time (min). The value of g
and ky was obtained from the slope and intercept of the linear plot of t vs
t/q;. According to the pseudo second kinetic model, the initial adsorp-
tion rate, h (mg/(gmin)) is expressed as follow:

h =k, an

1.1.3. Adsorption thermodynamics

Adsorption thermodynamics give the information about the effect of
temperature change on the adsorption mechanism. Thermodynamic
parameters were determined using equations as below [20,23]:

AG = AH — TAS (18)
AG = —RTInK, (19)
ql‘f
K, =2 2
‘=C (20)

Where, AG is Gibbs free energy change (kJ/mol), AH is enthalpy
change (kJ/mol), AS is entropy change (kJ/(mol K)), T is temperature
(K), R is universal gas constant, q. is amount of dye adsorbed per gram of
adsorbent at equilibrium (mg/g), C. is dye concentration at equilibrium
(mg/L) and K is the equilibrium constant (L/mg).

By rearranging the Eqs. (18) and (19):

nK. = ——— 21)

The values of AH/R and AS/R were determined from the slope and
intercept of the Van’t Hoff plot of InK, versus 1/T [21].

2. Material and method
2.1. Material

In present study, BB41 (Fig. 1) were provided by Kuyucak Textile in
Usak/Turkey. Natural zeolite, clinoptilolite ((NagsK2.5)(Ca;oMgo.s)
(AlgSi30)072024H,0), obtained from Gordes Zeolite Company in izmir/
Turkey. FeSO47H20 (purity > 99.0%) and NaOH (pure pellets),
FeCl36H0 (pure pellets > 99.0%), NH4OH (BioUltra, ~1 M NHj in
H20) were purchased from Merck, Boston USA Chemistry, Sigma-
Aldrich, respectively.

2.2. Preparation of BB41 stock solution

BB41 were used without any pretreatment. Stock solution was pre-
pared by dissolving 1 g of BB41 in 1 L of distilled water. The test solu-
tions were prepared by diluting of stock solution to the desired
concentrations. The concentrations of solution varied in the range
20-200 mg/L. The pH of the solutions was adjusted with 0.1 N HNOg
(purity > 65.0%) and 0.1 N NaOH.

2.3. Preparation of unmodified natural clinoptilolite
Samples included particle size range of 0 —50 p, 0 —200 p and 0- 600

were washed with distilled water three times and separated using
Whatman filter paper for the prediction of optimum value of particle

+
OHsC W
7 CH3S0;4
Q- I
| OH

CH,

Fig. 1. Molecular structure of BB41 [21].
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size. After filtration, samples were dried in oven at 105 °C for 24 h.
Although there was an overlap of the particle size in the range of 0-50,
50-200, 200-600 p, a limitation in overlaps was not applied and
adsorption of BB41 on natural and magnetic zeolites were investigated
in a wider range. Such a limitation in particle size might be eliminated
the effect of the particles on adsorption outside of the limitations.

2.4. Synthesis of magnetically modified clinoptilolite

Magnetic zeolites were synthesized by the co-precipitation method.
Two methods were chosen for prediction of zeolite/Fe and Fe?t/Fe>*
weight ratio. The amount of zeolite and iron were adjusted to obtain the
zeolite/iron oxide weight ratio of 3:1 [24] and Fe2/Fe™? weight ratio
1:2 [25]. For the new synthesis method, 1 g of FeSO4e7H20 and 2 g of
FeCl3e6H,0 were dissolved in 100 mL of distilled water. Then, stirred at
450 rpm until the temperature reached 80 °C. When the temperature
reached 80 °C, 40 mL of 25% NH4OH solution was added and continued
stirring until solution color alteration to black from yellow. When ach-
ieved black color, 8 g zeolite was added to the solution and 20 min was
allowed for the reaction to complete. The solution was cooled at room
temperature and the magnet was placed under the beaker. NH4OH so-
lution carefully was removed with a syringe and solution washed
distilled water several times. Magnetic zeolite was separated by neo-
dymium magnets and were dried at 75 °C for 30 h. This process was
repeated for each particle size (0-50 p, 0-200 p, 0-600 ) and it was seen
that the method is reproducible. Chemical reactions that occur in the
production of magnetic zeolites were shown as below:

FeSO47H;0 + 2FeCl36H,0 + 8NH40H — Fe304 + 6NH4Cl+ (NH4)2SO4
+23H,0 (22)

Fe304 + Z + 23H,0 — Z-Fe304 (Magnetic zeolite) 23)

2.5. Physicochemical characterization of natural and magnetic zeolites

Natural and magnetic zeolites were characterized by XRD, SEM,
EDX, BET, FTIR and VSM analysis. The characterization of zeolite and
magnetic zeolite was made using the following equipment: The X-Ray
Diffraction pattern was recorded in the scanning mode on a PAN
analytical Empyrean analytical instrument operated at 4 kW (max 60
kV, max 100 mA). The structural morphology and Empirical elemental
compositions of natural and magnetic zeolites were estimated using
energy dispersive EDX-Zeiss Sigma 300 SEM equipment operated with
20 kV. The surface area and porosity measurement were determined
using Ny-adsorption-desorption measurements on a Micromeritics Tris-
tar model instrument under vacuum for 10 h at room temperature.
Adsorbed gas volume was taken from the adsorption-desorption
isotherm at p/p% 0.1-1.0. FTIR analysis was employed with a single
bounce diamond anvil ATR accessory fitted to a Bruker VERTEX 70v
FTIR spectrometer. The spectra were measured in the wave number
range of 400-4000 em™ L, Magnetic properties of synthesized zeolite
were determined using Vibrating Sample Magnetometer (VSM)-
LAKESHORE.

2.6. Batch adsorption experiments

Batch adsorption studies were investigated in the BB41 concentra-
tion range of 20-200 mg/L at 298-323 K. The pH of the solution was
adjusted by adding diluted HNOs and NaOH. Batch equilibrium
adsorption experiments were carried out by shaking 100 mL solution of
various dye concentrations at pH 6.0, and 7.0 with 0.1 g natural and
magnetic zeolites, respectively. All the adsorption experiments were
conducted at 240 min and a stirring speed of 250 rpm in 250 mL beaker.
5 mL samples were centrifuged at 3000 x g for 7 min. and the super-
natant fluid were analyzed for BB41 concentration. Adsorption of the
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BB41lonto natural and magnetic zeolites were monitored using UV-vis
spectroscopy. 100 mg/L BB41 sample was scanned between 400 and
800 nm wavelengths in a Perkin Elmer Lambda 365 UV-vis spectrom-
eter. The maximum wavelength of BB41 were observed at 610 nm [18].

3. Results and discussion
3.1. Physicochemical properties of natural zeolite and magnetic zeolite

3.1.1. N, adsorption-desorption analysis

N, adsorption-desorption isotherms of natural and magnetic zeolite
provide information about the zeolite’s structures at 77 K. It can be
expressed using various methods, namely BET, BJH, t-plot and DFT.
According to the results of Ny adsorption-desorption characterization,
specific surface area of magnetic zeolite was found larger than natural
zeolite by BET, D-H, t-plot, and BJH methods due to coating zeolite
surface with Fe3O4 nanoparticles (Fig. 2).

Langmuir surface areas of natural zeolite (Z) and magnetic zeolite
(MZ) were determined as 274.54 m?/g and 464.08 m?/g respectively.
Experimental data which was calculated from Langmuir isotherm
confirmed these results with increased the adsorption capacity of mag-
netic zeolite. BET surface areas of natural zeolite (Z) and magnetic
zeolite (MZ) were determined as 19.60 m?/g and 25.57 m?/g respec-
tively [26]. It was clearly seen that surface modification with Fe3O4
particles can improve the surface area of natural zeolite. Nitrogen iso-
therms of zeolite and magnetic zeolite in Fig. 2 largely conformed to a
type IV adsorption isotherm with type H3 hysteresis loop which was in
the mesopores at p/p°: 0.1-1.0 (d: 2-50 nm) [27]. In Fig. 2a and Fig. 2b,
it was seen that there were considerable differences between the
adsorption and desorption isotherms. The pressure range of these dif-
ferences (0.1 < p/po < 0.3) is particularly interesting as these differ-
ences also extend below the pressures (p/p0 > 0.3) (Fig. 2b) was
observed. In Fig. 2, pore filling occurred at higher relative pressures
(p/p° > 0.3) and adsorbed gas volume decreased. The adsorbed gas
volume by magnetic zeolite was higher than natural zeolite due to the
increased pore volume of magnetic zeolite in Fig. 2b. The curve starting
at p/p% 0.1-0.2 for magnetic zeolite showed that desorption started
rapidly. But desorbed gas volume was found lower than natural zeolite
at p/p% 0.1-1.0. It can be also observed with close adsorption and
desorption curves of magnetic zeolite [28].

3.1.2. XRD analysis
Crystal phase and structural properties of the natural and magnetic
zeolite were examined with XRD analysis which was carried out at room
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Fig. 3. XRD analyses of natural zeolite (Z) and magnetic zeolite (MZ).

temperature and 2 h. Spectra were shown for the range of 26:0°—100°.
The XRD patterns of the natural and magnetic zeolite were presented in
Fig. 3. According to XRD data, natural zeolite (Z) was identified by its
characteristic X-ray diffraction peaks at 26:9.86 —11.14 —13.09
~17.26'~17.37 —20.91 —22.43 —26.64 —30.00 —30.18 ~35.70 -
36.96 - 39.45 as were reported in previous studies [29]. The unlabeled
small peaks were unidentified impurities in natural zeolite. But it was
clearly seen that the natural zeolite (Z) mainly consists of clinoptilolite.
It was possible to see the high crystallinity of clinoptilolite with
condensed peaks at 20:9.92°-22.43"-30.50 [14,30]. It was reported
that Manisa-Gordes zeolite was composed of a small amount of biotite,
quartz, feldspar, and rock fragments and contains at least 90% cli-
noptilolite [31]. Current results of natural zeolite were similar to the
findings of previous studies [32,33]. XRD pattern of the magnetic zeolite
were shown in Fig. 3. The characteristic peaks located at 26:8.86 -
9.96'~11.14 —13.27 —14.85 ~17.23 —20.83'—22.41"-26.11
—29.97'~31.91 —37.04 —43.94 —57.81 —62.25 matched with stan-
dard diffraction peaks of Fe3O4 [13]. Fig. 3 shows that the characteristic
dispersion peaks of magnetic zeolite at 20:30.28'—35.70 —57.81" were
significantly strengthened after magnetic modification which were
similar to the previous reports [17,34]. In Fig. 3, a slight decrease was
observed in the density of diffraction peaks of magnetic zeolite.
Magnetization with iron ions led to a decrease in crystallinity and an
increase in porosity. It might be resulted from the partial removal of the
exchangeable cations on structure of the natural zeolite [35]. Sharp
peaks and negligible changes after magnetic modification indicated that
the adsorbents possess a high degree of crystallinity and structural
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Fig. 2. N, adsorption (red) / desorption (claret red) analyses a. Natural zeolite (Z) b. Magnetic zeolite (MZ).
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Fig. 4. FTIR analyses of natural zeolite (Z) and magnetic zeolite (MZ).

stability. Therefore, there was no collapse or destruction of the structure
by modification of the natural zeolite [36].

3.1.3. FTIR analysis

FTIR analysis provides more information about the structures of the
natural and magnetic zeolite due to it reveals the characteristic vibra-
tional bands of the functional groups dominating their structures, as
shown in Fig. 4. Clinoptilolite were characterized by bands between
3664 and 3383-2201-2029-1861-1709-852-727-681-571-494 cm ™ *,
respectively [37]. Natural zeolite had its characteristic peaks in the
spectral range of 455 cm ™! and 1324 cm ™! which denotes the T-O-T (T:
Al/Si) vibration modes. Also, broad band appearing at 997 cm™ was
attributed to the asymmetric stretching vibrations of T-O bonds of TO4
[21]. A band peaking at ~1647 cm™! associated to bridging O—H
groups in Si—OH—AI was observed [38]. Peaks at ~1569-1658 cm ™
were attributed to bridging O—H groups that associated with the acidity
of natural zeolite. The bands at positions 3623-3383 cm ™! indicate the

ZEISS

Weight %

Weight %
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presence of HO in natural zeolites [39]. The vibration band occurring at
~636-592-571-494 cm ! represents the internal vibrations due to the
asymmetric stretching of Si—O—Al tetrahedral [37]. In Fig. 4, due to the
presence of the magnetic particles in the magnetic zeolite, there was a
decrease in transmittance (a.u.), but the wavenumber did not change.
This situation shows that the internal structure of natural zeolite did not
change mainly after magnetic modification [40]. The peak of magnetic
zeolite at ~581 cm ™! is the characteristic band of Fe—O stretching vi-
brations of Fe3O4 particles. Specific vibrations of Fe—O bonds can be
found around 460 cm ™! and 570 cm ™. In Fig. 4, it was seen that there
were no considerable differences between the natural and magnetic
zeolites. But some peaks altered to new values and disappeared. These
differences particularly also can be seen in a decrease at the 1526-1321
em™! band and an increase at 797 ¢cm~1-804 cm™l. These results
confirmed the presence of Fe3O4 in the magnetic zeolite [41].

3.1.4. SEM-EDX analysis

In Fig. 5a and 5b, cubic and spherical morphology were observed for
natural and magnetic zeolites respectively. Spherical morphology of the
magnetic zeolite particles was verified by decreasing in crystallinity
from XRD results [17]. The presence of voids on the magnetic zeolite
surface results from an increase in porosity and surface area as already
confirmed from BET results (Fig. 5b) [42]. It was observed that Fe3O4
particles clumped together on the zeolite surface and distributed uni-
formly on the surface due to the interaction of Fe304 and zeolite. In
Fig. 5b, it was seen that the pore voids of the magnetic zeolite increased
after the magnetization process [43]. The chemical composition of
natural and magnetic zeolites were characterized by EDX analysis. In
Fig. 5a, it was found that the main components of natural and magnetic
zeolites were Si and Al. Comparison to natural zeolite, the weight rate of
Fe in the magnetic zeolite increased from 0.84% to 6.29% which was
confirmed from magnetic modification with Fe3O4 (Fig. 5b). In Fig. 5,
Si/Al ratio were determined as 10.88 and 13.82 for natural and mag-
netic zeolites respectively. Due to its consisted the high Si/Al ratio,

120
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40 nZ
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0 -
o

Si/Al ==

SEIBSAMSEEERTE
=
Element
120
100
80
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. . ) o |
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Fig. 5. SEM-EDX analyses a. Natural zeolite (Z) b. Magnetic zeolite (MZ).
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magnetic zeolite showed higher adsorption capacity than natural zeolite
[44]. It can be seen from Fig. 5a and Fig. 5b that the main exchangeable
cations (K*, Mg?*, Ca?") exist in the clinoptilolite. Elemental analysis of
natural and magnetic zeolites showed that fractions consisted of Si, O,
Al, Na, Mg, Ca, K, and Ti [21]. Na* were not determined due to exper-
imental error. According to EDX results, big differences in the Si/Al ratio
were not determined after magnetic modification [45].

3.1.5. VSM analysis

Magnetic features of magnetic zeolite were analyzed by using a
vibrating sample magnetometer in an operational magnetic field from
15 to 15 KO, at room temperature. As shown in Fig. 6, the adsorbent had
a superparamagnetic property that the internal hysteresis loop of the
adsorbent showed an "S" shaped curve. The magnetization saturation
(M) value of magnetic zeolite were determined as 5.421 emu/g for
0.0469 g and 0.25428 emu [46]. The adsorbent had a super-
paramagnetic property that it does not have any magnetic effect when
removing the magnetic field. Superparamagnetic characteristics of
zeolite particles can be easily observed using a magnet. When a magnet
was placed near the outer wall of a glass tube containing a mixture of
zeolite particles and water, these particles were completely absorbed by
the magnet [47]. The maximum area (O,), coercivity (H¢;) and perma-
nence (M,) were determined as 20000 O, 11.055 (H;), and 4.8306E-3
emu respectively. These results confirmed that magnetic zeolite had
sufficient magnetic properties that can be attracted by a permanent
magnet [34].

3.2. Factors affecting the adsorption of BB41 on natural and magnetic
zeolites

3.2.1. Effect of initial pH

Effect of initial pH on BB41 adsorption by natural and magnetic
zeolites were examined in the pH range of 4.0-8.0 at 100 mg/L BB41 for
240 min. Experiments were applied with 0-600 p and 0.1 g natural and
magnetic zeolite at 298 K and a constant stirring speed of 200 rpm. The
maximum adsorption capacities of BB41 for natural and magnetic zeo-
lites were obtained at pH: 6.0 and pH: 7.0, respectively. It was observed
that the adsorption capacities of natural and magnetic zeolites decreased
with increasing initial pH above 6.0 and 7.0, respectively (Fig. 7). In
general, at a high pH, the percentage of dye removal increases in
cationic dye adsorption whereas decreases in anionic dye. At low pH,
adsorption is less for cationic dyes due to H' ions compete with the
cation groups of dye on the adsorption sites. Up to pH: 6.0-7.0, a
significantly high electrostatic attraction exists between the negatively
charged surface of natural and magnetic zeolites and positively charged
of BB41, hence enhancing the dye removal [48]. The maximum
adsorption capacities of BB41 for natural and magnetic zeolites were
obtained at pH: 6.0 and pH: 7.0, respectively. Adsorption capacity of
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BB41 by natural zeolite decreased from 72.59 to 67.76 mg/g when pH
were increased from 6.0 to 7.0. For magnetic zeolite, it was determined
as 73.69 mg/g and 75.78 mg/g at pH: 6.0 and pH: 7.0 respectively. The
pHp,c value indicates the type of active sites and the adsorption ability of
the adsorbents. When pH > pHp,, it is suitable for cationic dye
adsorption due to the presence of functional groups such as OH™, COO™.
The zero charge points of the natural and magnetic zeolites were
determined as 6.0 and 7.0 respectively. Natural and magnetic zeolites
reacted with BB41 as a negative surface in the range of pH 6.0 and 7.0. It
is known that the cationic dye adsorption is more efficient in the case of
pH > pHy,, while the anionic adsorption increases in the case of pH <
PHpgc. For this reason, the adsorption capacities increased with changing
pH values from 4.0 to 6.0-7.0 due to negative charged sites increased.
When pH values were higher than 6.0-7.0, the adsorption capacities of
natural and magnetic zeolites decreased. Therefore, the adsorption ca-
pacities of BB41 were improved by choosing pH values of 6.0 and 7.0
[21,48]. It was reported that Fe304 has a negatively charged surface at a
pH above 5.0. Therefore, the presence of the Fe304 in magnetic zeolite
increased the adsorption capacity by providing new active sites for BB41
adsorption [17].

3.2.2. Effect of adsorbent dosage

The adsorption of BB41 on single natural and magnetic zeolites were
studied by changing the quantity of adsorbent dose from 0.025 to 0.2 g
at a constant contact time of 240 min. The effect of adsorbent dosage on
adsorption were studied at 298 K and 200 rpm with 100 mg/L dye so-
lution and 0-600 p natural and magnetic zeolites. pH values were
adjusted to 6.0 and 7.0 for natural and magnetic zeolites, respectively. In
Fig. 7, the adsorption capacities of the BB41 increased up to 0.1 g for
natural and magnetic zeolites. The adsorption capacities of the BB41
were determined as 69.40 mg/g and 74.62 mg/g with natural and
magnetic zeolites, respectively. This result can be attributed to the
increasing in the surface area of natural zeolite with the magnetic
modification that was also confirmed from SEM and BET results. The
adsorption capacity had a constant value above 0.1 g for each adsorbent.
This is because at lower adsorbent dosage, BB41 molecules can easily
reach on zeolite surface and dye removal increases per unit of zeolite
(Fig. 7) [49].

3.2.3. Effect of particle size

The adsorption of BB41 with natural zeolite were studied by
changing the particle size from O to 50 p to 0-600 p at a constant contact
time of 240 min with 100 mg/L dye solution. Experiments were applied
with 0.1 g natural and magnetic zeolites at 298 K and a constant stirring
speed of 200 rpm. pH values were adjusted to 6.0 and 7.0 for natural and
magnetic zeolites, respectively. The highest dye removal was obtained
with 0-200 p particles in natural zeolites and experiments were carried
out with 0-200 p in the magnetic zeolite. It was found that as the particle

5000 10000 15000 20000 25000

Field (Oe)

Fig. 6. VSM analysis of magnetic zeolite (m: 0.0469 g, particle size: 0-200 p).
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Fig. 7. Factors affecting adsorption of BB41 (Z: Natural zeolite, MZ: Magnetic zeolite).

size increased from 0 to 50 to 0-200 p, the percentage of dye removal
increased from 95.78% to 99.00% (Fig. 7). For magnetic zeolite, the
percentage of dye removal were determined as 98.66%, 95.33% and
73.25% in particle sizes of 0-50 u, 0-200 p, 0-600 p, respectively. In
general, specific surface area and pore volume increase with a decrease
in particle size, and higher adsorption efficiency is obtained. It was
observed that dye solution with 0-50 n particles was like a slurry. In
Fig. 7, as the particle size increased to 0-200 , the removal efficiency of
the natural zeolite increased. But it decreased in magnetic zeolite. This
result can be attributed to the decreasing particle size in the natural
zeolite due to the strong attractive interaction and agglomeration be-
tween the particles and resulting in lower adsorption of dye [50].

3.2.4. Effect of stirring speed

The adsorption of BB41 on natural zeolite was studied by changing
the stirring speed from 100 rpm to 250 rpm at a constant contact time of
240 min. The effect of stirring speed on adsorption was studied at 298 K
and 0.1 g adsorbent with 100 mg/L dye solution and 0-200 p natural
zeolite. pH was adjusted to 6.0. It was observed that dye removal was
highest at 250 rpm and experiments were carried out at 250 rpm for
magnetic zeolite. It was found that as the stirring rate increased from
100 rpm to 250 rpm the percentage of dye removal increased from
64.44% to 70.03% (Fig. 7). By the higher stirring speed in the BB41-

zeolite system, zeolite particles and BB41 molecules started to move
faster in the solution and supported the adsorption process. By
increasing stirring speed, the transfer resistance from the bulk phase to
the zeolite surface decreased at the boundary layer, and the removal
percentage of BB41 increased [51].

3.2.5. Effect of initial concentration

The effect of BB41 concentration on adsorption were studied at pH:
6.0 and pH: 7.0 with natural and magnetic zeolite, respectively. Ex-
periments were conducted at 240 min, 298 K and a stirring speed of 250
rpm. The adsorbate concentration ranged from 20 to 200 mg/L and
0-200 , 0.1 g natural and magnetic zeolites were used. In Fig. 7, it was
observed that the adsorption capacities of BB41 on natural and magnetic
zeolites increased with increasing initial dye concentration up to 100
mg/L. Adsorption of BB41 reached equilibrium in about 100 mg/L for
each adsorbent. The adsorption capacities of the BB41 were determined
as 65.79 mg/g and 73.82 mg/g at 100 mg/L with natural and magnetic
zeolites, respectively. The results showed that initial dye concentration
increased with increasing contact time due to reaching equilibrium. But
the amount of adsorbed dye per unit of adsorbent did not change [52].
This is because that the driving force of mass transfer increases with the
increasing initial concentration of the dye. In general, dye removal ef-
ficiency depends on the relationship between the initial concentration of
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Fig. 8. Linearized Langmuir, Freundlich, Dubinin-Radushkevich (DR) and Temkim isotherms for BB41 adsorption on natural and magnetic zeolites (pH: 6.0 (natural
zeolite), pH: 7.0 (magnetic zeolite), T: 298 K, SS: 250 rpm, Co: 20-200 mg/L, particle size: 0-200 p, adsorbent dosage: 0.1 g).

the solution and adsorption sites on the adsorbent surface. If the
adsorption sites on the adsorbent surface are saturated, the percentage
removal decreases with increasing initial concentration [53]. If particles
(0-200 p) are rich in natural and magnetic clinoptilolite, adsorption of
BB41 might be occurred both by exchangeable cations (K*, Mg?*, Ca")
and on the surfaces of the natural and magnetic zeolites due to the
presence of the Si-OH groups. The channels and characteristic "cage"
structure of the clinoptilolite might result in the diffusion of positive
charged BB41 inside the zeolite network. However, average pore sizes of
natural and magnetic zeolites were determined as 13.80 nm and 14.87
nm respectively. Considering the sizes of mesopores (d: 2-50 nm) and
BB41 cations [21], BB41 can be adsorbed only in certain pores of zeolite
structures partially. It can be concluded that adsorption of BB41 mainly
occurred on the surface.

3.2.6. Effect of contact time

The adsorption of 100 mg/L BB41 with natural and magnetic zeolite
were studied by changing contact time from 60 to 240 min at 250 rpm
and 298 K. 0-200 p, 0.1 g adsorbent were used. Experiments were
applied with natural and magnetic zeolite at pH 6.0 and 7.0, respec-
tively. In Fig. 7, the adsorption efficiencies% of BB41 increased with
increasing contact time until 210 min for natural and magnetic zeolites.
The removal efficiency of BB41 reached equilibrium at 210 min then
remained constant. It was found that as contact time increased from 60
to 240 min the percentage of dye removal increased from 45.83% to
67.79% for natural zeolite. By magnetic zeolite, an increase was
observed from 57.10% to 73.82% within the same period (Fig. 7). This
resulted from the presence of more binding sites on the surfaces of the
natural and magnetic zeolites at 0-60 min [54]. When contact time
increased from 60 to 210 min, there was a significant increase in the
amount of dye retained on the same amount of natural and magnetic
zeolites. But the amount of adsorbed BB41 molecules remained constant
when all sites were occupied on the adsorbent surfaces [55].

3.2.7. Effect of temperature

The effect of the temperature on the BB41 adsorption was studied at
250 rpm, 240 min with 0-200 y, 0.1 g natural and magnetic zeolite. The
temperature and initial dye concentration ranged from 298 to 323 K and
20 to 200 mg/L. pH were adjusted to 6.0 and 7.0 for natural and mag-
netic zeolite, respectively. In Fig. 7, as temperature increased from 298
to 323 K, the percentage of dye removal increased from 95.05% to
95.96% for natural zeolite at 100 mg/L. For magnetic zeolite, an in-
crease was observed from 99.01% to 99.43% within the same temper-
ature and concentration (Fig.7). This result can be attributed to the
increasing specific surface area by magnetic modification. For 200 mg/L
BB41, adsorption efficiency increased with increasing temperature up to
313 K for only natural zeolite. In Fig. 7, as temperature increased from
313 to 323 K, the percentage of dye removal decreased from 89.12% to
65.62% for natural zeolite at 200 mg/L BB41 concentration. Considering
to magnetic zeolite, a decrease was observed from 86.39% to 60.72%
within the same temperature at 200 mg/L BB41 concentration. This is
because of that decrease of active sites which are suitable for adsorption
on surfaces of the natural and magnetic zeolites at high concentrations
of BB41 [53].

3.3. Adsorption isotherms

In present work, the equilibrium data were analyzed by linear model
of Langmuir, Freundlich, Dubinin-Redushkevich (D-R) and Temkin
isotherms at 298-323 K (Fig. 8 and Table 1). The results showed that
BB41 equilibrium data for natural and magnetic zeolite were well-fitted
with the Langmuir model at 298-323 K and calculated correlation co-
efficients (R?) for the Langmuir isotherm model have the highest values
(Fig. 8 and Table 1). The dimensionless separation factors (R) were
calculated between 0 < Ry < 1. Based on dimensionless separation
factor, the dye adsorption mechanism was favorable for natural and
magnetic zeolites. The dimensionless separation factors (R;) were
determined as between 0.0138-0.0014 and 0.0086-0.0008 with natural
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Table 1

Chemical Engineering and Processing - Process Intensification 169 (2021) 108632

Langmuir, Freundlich, Dubinin-Radushkevich (DR) and Temkim isotherm constants for BB41 adsorption on natural and magnetic zeolites (pH: 6.0 (natural zeolite),
pH: 7.0 (magnetic zeolite), SS: 250 rpm, Co: 20-200 mg/L, particle size: 0-200 y, adsorbent dosage: 0.1 g).

yA MZ
T (K) 298 313 323 298 313 323
Langmuir
Qm (Mg/g) 93.45 131.57 149.25 116.27 140.84 370.37
b (L/mg) 3.56 2.92 1.763 5.733 0.73 0.67
Ry 0.0014-0.0138 0.0171-0.0168 0.0028-0.0275 0.0008-0.0086 0.0067-0.0639 0.0073-0.0689
R2 0.9831 0.9904 0.9836 0.9762 0.9965 0.9998
Feundlich
N 4.51 2.89 0.86 3.91 2.36 8.10
Kg ((mg/g) (L/mg))'/" 64.01 74.23 72.51 89.38 51.32 81.45
R? 0.9627 0.9125 0.893 0.9433 0.9293 0.8272
D-R
Qum (Mg/g) 100.92 114.74 112.23 133.11 86.33 124.01
kp (mol?/kJ?) 0.0517 0.0331 0.0386 0.0346 0.0753 0.0352
E (kJ/mol) 0.3214 0.257 0.277 0.263 0.388 0.265
R? 0.7687 0.8962 0.9772 0.9347 0.9672 0.8662
Temkin
br (J/mol) 0.119 0.098 0.207 0.094 0.082 0.071
A (L/g) 20.59 31.03 319.24 47.55 7.39 23.11
R? 0.9234 0.9859 0.9675 0.9751 0.9882 0.8543

and magnetic zeolites, respectively. It was seen that Ry, values decreased
with increasing of BB41 concentration from 20 to 200 mg/L. This is
because that BB41 adsorption for natural and magnetic zeolites were
also favorable at high concentrations. As the Ry, values approach zero,
adsorption process will lead to irreversible [16]. From the Langmuir Eq.
(4), the maximum adsorption capacities of natural and magnetic zeolites
were determined as 93.45 and 116.27 mg/g, respectively at 298 K. This
result can be attributed to the increasing specific surface area by
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magnetic modification [56]. BB41 was only adsorbed in a monolayer at
the outer interface of the natural and magnetic zeolite [42]. For Lang-
muir isotherm, the adsorption capacities of natural and magnetic zeo-
lites increased with increasing the temperature and the highest value of
adsorption capacity were obtained as 370.37 mg/g at 323 K for mag-
netic zeolite. The n value in Freundlich isotherm were determined be-
tween 1 < n < 10 for natural and magnetic zeolites at below 323 K. It can
be concluded that adsorption was physical and could be suitable for
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Fig. 9. Pseudo first order (PFO) and pseudo second order (PSO) graphs for BB41 adsorption on natural and magnetic zeolites (pH: 6 (natural zeolite), pH: 7.0
(magnetic zeolite), T: 298 K, SS: 250 rpm, Co: 20-200 mg/L, particle size: 0-200 p, adsorbent dosage: 0.1 g).
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Freundlich isotherm below 323 K [20,57]. The adsorption energies E in
the D-R isotherm were less than 8 kJ/mol for both adsorbents and at all
temperatures. These results also were confirmed as physical adsorption.
The maximum adsorption capacities which were calculated from D-R
isotherm models increased up to 313 K for natural zeolite and decreased
at 323 K. qp, values of magnetic zeolite were higher than natural zeolite
except for 313 K (Table 1). However, the by constant in the Temkin
model is related to heat absorption and did not show a correlation with
the qn, values which was calculated from the Langmuir and D-R iso-
therms. A decrease or an increase in bt values were observed between
298 and 323 K for both adsorbents. This can be attributed to the changes
in physical interactions such as temperature, Van der Waals, and
hydrogen bonds. Furthermore, the Temkin isotherm is more suitable for
gas systems [58].

3.4. Adsorption kinetics

The kinetic data for the adsorption of BB41 onto natural and mag-
netic zeolites were tested with the pseudo first order and pseudo second
order models (Fig. 9 and Table 2). The results showed that adsorptions of
BB41 on natural and magnetic zeolites did not follow the pseudo first
order rate kinetics. From Table 2, it can be clearly seen that the values of
the correlation coefficients were not high at the different dye concen-
trations. Furthermore, the values of g calculated from the pseudo first
order kinetic model differ significantly from those measured experi-
mentally. The values of q. calculated from the pseudo second order ki-
netic model were very close to measured experimental. Correlation
coefficients which were calculated from the pseudo second order model
were greater than pseudo first order for each adsorbent at 298-323 K.
Therefore, BB41 adsorption with natural and magnetic zeolites well
described by the pseudo second order model. The ky values decreased
with increasing the initial dye concentration from 20 mg/L to 200 mg/L,
which indicated that the adsorption well described with physical sorp-
tion. These results were verified by E (less than 8 kJ/mol) sorption en-
ergy values in Dubinin-Radushkevich (D-R) isotherm model [59]. The
adsorption process of BB41 with natural zeolite and magnetic zeolites,
the mass transfer of BB41 from solution to adsorbent pores can also be

Table 2

Kinetic parameters obtained from pseudo first order (PFO) and pseudo second order (PSO) kinetic models for BB41
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considered as the rate control stage [60]. Furthermore, the h
(mg/(gmin)) values which were calculated with pseudo second order
kinetic constant, ky, were relatively higher in magnetic zeolite than
natural zeolite. This can be attributed to the presence of surface re-
actions on the magnetic zeolite [61].

3.5. Adsorption thermodynamics

The adsorption mechanism of BB41 on natural and magnetic zeolites
were investigated with thermodynamic parameters which include Gibbs
free energy change (AG), enthalpy change (AH) and entropy change
(AS) at 298-323 K. In the study, AG values were determined as negative.
It was concluded that adsorption of BB41 onto natural and magnetic
zeolites was a spontaneous process. The positive AH values indicated
that the adsorption was endothermic. The AH values were determined as
19.714 kJ/mol and 44.608 kJ/mol for natural and magnetic zeolites,
respectively (Table 3). The AS values were determined as positive for
both adsorbents, and it was higher for magnetic zeolite than natural
zeolite. This is because that the increasing randomness at the solid-liquid
interface during the adsorption process for magnetic zeolite [23]. Since
AG values are generally between 20 and 0 kJ/mol for physical sorption,
the adsorption mechanism has been realized physically for natural and

Table 3

Thermodynamic parameters calculated from Van't Hoff graph for BB41
adsorption on natural and magnetic zeolites (pH: 6 (natural zeolite), pH: 7.0
(magnetic zeolite), SS: 250 rpm, C,: 20-200 mg/L, particle size: 0-200 p,
adsorbent dosage: 0.1 g)

VA T (K) K. (L/mg) AG (kJ/mol) AH (kJ/mol) AS (kJ/mol K)
298 16.303 -13.806 19.714 0.000086
303 12.825 -14.318
313 13.365 -15.117
323 23.759 -15.984
MZ T (K) K. (L/mg) AG (kJ/mol) AH (kJ/mol) AS (kJ/mol K)
298 18.455 -7.226 44.608 0.000174
303 40.043 -9.606
313 28.556 -8.448
323 81.184 -11.812

adsorption on natural and magnetic zeolites (SS:

250 rpm, particle size: 0-200 p, adsorbent dosage: 0.1 g, exp.: experimental, cal.: calculated).

PFO PSO
T (K) C, (mg/L) qe (exp.)(mg/g) Qe (cal.)(mg/g) kq (1/min) R? Qe (cal.) (mg/g) ko (g/(mgmin)) h (mg/(gmin)) R?
Natural zeolite (Z)
20 19.70 2.55 0.0132 0.8528 20.04 0.0226 8.79 0.9999
298 60 59.07 6.29 0.0171 0.9786 60.24 0.0080 27.96 0.9999
100 92.82 12.55 0.0038 0.6246 96.15 0.0022 19.23 0.9996
200 123.59 67.85 0.0007 0.1363 99.00 0.0009 15.34 0.9887
20 19.77 0.86 0.0122 0.9856 19.80 1.1088 433.63 0.9997
313 60 59.83 0.43 0.0072 0.896 59.88 0.0753 269.88 1
100 92.81 15.42 0.0051 0.8919 98.03 0.0014 12.44 1
200 127.15 76.54 0.0003 0.0886 129.87 0.0042 69.07 0.9942
20 19.56 0.98 0.0093 0.9461 19.92 0.0197 7.57 0.9974
323 60 59.57 1.93 0.0092 0.932 59.52 0.1485 527.14 1
100 94.06 12.08 0.0047 0.9947 98.03 0.0018 16.71 0.9999
200 120.67 90.44 0.0008 0.3909 126.58 0.0011 17.161 0.9837
Magnetic zeolite (MZ)
20 19.62 0.72 0.0053 0.7086 19.68 0.1246 48.03 0.9999
298 60 59.12 3.42 0.0110 0.6738 59.88 0.0122 42.75 0.9998
100 97.58 8.63 0.0097 0.8304 100 0.0035 33.65 0.9999
200 129.01 76.58 0.0041 0.8488 135.18 0.0002 6.15 0.9963
20 19.31 5.61 0.0165 0.9592 20.49 0.0060 2.27 0.9998
313 60 59.30 1.03 0.0037 0.6372 59.52 0.0376 132.36 1
100 96.52 9.06 0.0068 0.7434 100 0.0024 22.51 0.9998
200 128.45 5.61 0.0165 0.9592 136.49 0.0060 2.27 0.9998
20 19.34 1.23 0.0032 0.9829 20.04 0.0104 3.91 0.9989
323 60 59.71 0.43 0.0047 0.9673 59.88 0.0457 163.01 1
100 98.73 5.11 0.0105 0.9665 55.55 0.0180 175.48 1
200 112.68 102.73 0.0010 0.7927 125 0.0005 6.67 0.9942
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Table 4

Comparison of the adsorption capacities of BB41 on various adsorbents.
Adsorbent qm (mg/g) Ref.
Clinoptilolite/Fe304 nanocomposite 93.17 [13]
Nanoporous silica 345 [63]
Zeolite A 29 [18]
Zeolite X 88.49 [21]
Local clay mineral from Khulais area 50 [64]
Natural Gordes zeolite 149.25 This work
Magnetic Gordes zeolite 370.37 This work

magnetic zeolites as seen in both PSO kinetic model and D-R isotherm
model [20]. When the temperature increased from 298 to 323 K, AG
values decreased from —13.806 to —15.984 kJ/mol and —7.226 to
—11.812 kJ/mol for natural and magnetic zeolites respectively
(Table 3). The decrease in values of AG with an increase in temperature
shows that the AH is positive (Eq.18) and AG will decrease with
increasing temperature. Therefore, adsorption of BB41 on natural and
magnetic zeolites was more favorable at higher temperatures [21].
When compared to natural zeolite, the higher enthalpy changes in
magnetic zeolite showed that BB41 adsorption on magnetic zeolite can
be described with chemical adsorption as well as physical adsorption
[62]. As a result, adsoptions of BB41 on natural and magnetic zeolites
showed higher adsoption capacities (Table 4) compared to previous
studies [13,18,21,63,64].

4. Conclusion

In this study, magnetic zeolite was synthesized from natural Gordes
clinoptilolite by chemical co-precipitation method for BB41 adsorption.
The characterization results of the natural and magnetic zeolites showed
that the magnetization process was successfully achieved, and the
greater surface area were obtained from synthesis of magnetic zeolite.
VSM analysis showed the presence of ferric particles in the structure of
the magnetic zeolite. Comparison to natural zeolite, the intermolecular
voids increased, and the crystallinity decreased with magnetic modifi-
cation. Characteristic peaks of clinoptilolite in zeolite structure were
obtained from FTIR analysis. In magnetic zeolite, Fe-O bonds were
observed which indicated that Fe304 loaded in the natural zeolite. XRD
analysis showed that the natural and magnetic zeolites were suitable for
adsorption of BB41, and that the natural zeolite had structural stability
that would not be collapsed after magnetization. Adsorption of BB41 on
natural and magnetic zeolites well-fitted by the Langmuir isotherm
model and pseudo second order kinetic model. Adsorption was physical,
and the weak Van der Waals and electrostatic interactions were effective
in the adsorption mechanism. The adsorption processes of natural and
magnetic zeolites were found to be spontaneous and endothermic. This
study showed that natural and magnetic zeolites can be used efficiently
to adsorption of BB41 from textile wastewaters.

Symbols

Qe Amount of dye adsorbed per gram of adsorbent at equilibrium (mg/g)
dm Maximum adsorption capacity (mg/g)

Qe Dye adsorbed at time t (mg/g)

Co Initial dye concentration (mg/L)

Ce Dye concentration at equilibrium (mg/L)

b Langmuir isotherm constant (L/g)

Ry, Dimensionless separation factor

Kr Freundlich isotherm constant ((mg/g)(mg/! INEAD)

N Adsorption intensity

€ Polanyi potential

kp Dubinin-Radushkevich (D-R) isotherm constant (mol?/kJ?)
E Sorption energy (kJ/mol)

A Equilibrium constant (L/g)

br Temkin isotherm constant (J/mol)

kq Pseudo-first-order rate constant (1/min)

ko Pseudo-second-order rate constant (g/(mgmin))

h Initial adsorption rate (mg/(gmin))
Correlation coefficient

(continued on next column)
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(continued)
AG Gibbs free energy change (kJ/mol)
AH Enthalpy change (kJ/mol)
AS Entropy change (kJ/mol K)
K. Equilibrium constant (L/mg)
t Time (min)
R Universal gas constant (kJ/mol K)
T Temperature (K)
m Weight of adsorbent (g)
\4 Volume of dye solution (L)
Abbreviations
XRD X-ray diffraction
SEM Scanning electron microscope
EDX Energy dispersive X-ray
BET Brunauer-Emmett-Teller
FTIR Fourier transform infrared spectroscopy
VSM Vibrating sample magnetometer

Z Natural zeolite

MZ Magnetic zeolite

SS Stirring speed

PFO Pseudo first order
PSO Pseudo second order
Exp. Experimental

Cal. Calculated
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