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In this work, the adsorption of cationic dye by the modified high silica zeolite nano-adsorbent was investigated. The support was

prepared hydrothermally and doped by the iron. The morphology, structure, and textural properties of the nano-adsorbents were

characterized using XRD, FT-IR, N, adsorption-desorption, and FE-SEM. The results showed that the nano-adsorbent had a high specific

surface area, crystallinity, and pore volume. The maximum adsorption (6.09 mg g') was at the pH level of 9.0, 10 mg I"' of dye

concentration, T = 25 °C, and 1.0 g I'' of nano-adsorbent dosage. The kinetic of Methylene blue (MB) adsorption followed the pseudo-

second-order with the high correlation factor (R* = 0.99). The MB adsorption was in line with the Langmuir model, as an exothermic and

spontaneous process. The results confirmed that the metal-doped high silica ZSM-5 zeolite was an efficient nano-adsorbent for the cationic

dye adsorption through wastewater treatment.
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INTTRODUCTION

Dyes are common organic compounds that can be found
in the effluents of leather and textile industries. Methylene
blue (MB) as a cationic dye leads to the high heart rate,
vomiting, jaundice, shock, and tissue necrosis in humans
[1]. The various methods of dye removal include membrane
separations [2,3], reverse osmosis [4], Fenton process [5,6],
coagulation, and flocculation [7]. Adsorption, as a surface
phenomenon, is an easy, low cost, and efficient wastewater
treatment method [8,9]. Several nano-adsorbent such as
activated carbon [10,11], rice husk [12], peanut shells [13],
silica [14], natural zeolites [15,16], and sepiolite [17] have
been investigated to remove dye. Auta et al. [18] compared
the sorption kinetics of MB by raw (RBC) and modified ball
clay (MBC). Borah etal [19] reported the adsorption of
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MB and eosin yellow by carbon, including adsorption
capacity 402.25 mg g' and 400 mg g', respectively.
Chang et al. [20] reported the adsorption of MB
over Fe;Oy/activated montmorillonite (Fe;O4/Mt) nano-
composite, including the 99.4% removal at reaction
conditions of pH = 7.37, 0.5 g of Fe;0,/Mt nano-composite,
T =293 K, and 120 mg I"" of MB concentration. Jafari-zare
et al. [21] reported the adsorption of MB by natural zeolite,
including adsorption capacity of 7.9 x 10° mol g’
Wang et al. [22] reported the removal of MB by
polyaniline/TiO, (PANI/TiO,) hydrate with the adsorption
capacity of 485.10 mg g”'. Theydan et al. [23] studied the
removal of MB using biomass-based activated carbon
at reaction conditions of pH = 7, 0.5 g I"' of adsorbent
dosage, and 4.5 h, leading to the adsorption capacity of
259.25 mg g'. Setiabudi er al. [24] investigated the
adsorption of MB over oil palm leaves (OPL) at optimum
conditions of pH 6.0, 259 mg 1" of dye, T=53°C, and
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2.22 g I"" of adsorbent dosage in which the removal of
88.72% MB was reached. Yousef et al. [25] studied the
natural zeolite as an adsorbent for phenol removal. They
found that the adsorption isotherms were in the following
order: Freundlich > Redlich-Peterson > Langmuir >
Temkin. Marrakchi et al. [26] investigated the adsorption of
MB using mesoporous-activated carbon prepared from
chitosan flakes (CSAC). They found that the adsorption
isotherm was inconsistent with the Langmuir model
(Qmax = 143.53 mg g™ at 50 °C. It is accepted that ZSM-5
zeolite has the appropriate textural properties for the
adsorption process. In this study, ZSM-5 nano-adsorbent,
including Fe promoter, was synthesized and applied for the
MB adsorption.

EXPERIMENTAL

Materials

The reagents were tetra propyl ammonium bromide, iron
nitrate, sodium hydroxide, silicic acid, ammonium nitrate,
sodium aluminate, and sulfuric acid, delivered by Merck
Company (Germany).

Synthesis

The high silica zeolite support (ZSM-5) synthesis was
carried out hydrothermally, including a Si/Al ratio of 200.
The detailed procedure of the synthesis is in our previous
report [5]. The molar composition of the synthesis
solution was 20Si0,:0.05A1,05:3TPABr:1.5Na,0:200H,0.
The crystallization of zeolite was at 180 °C for 48 h. The
drying, and
calcination (530 °C and 24 h). The iron doping of zeolite

powder was passed filtration, washing,
support was performed by dissolving the iron source in
distilled water (75 ml) and adding to the support. The
mixture was stirred for 3h. Then, the modified zeolite was
dried and calcined at 530 °C overnight. The metal-doped
nano-adsorbent had 1 wt.% Fe species.

Nano-adsorbent Characterization

The nano-adsorbent was characterized by Fourier-
transform infrared spectroscopy (FT-IR) analysis with
Nexus Model Infrared Spectrophotometric (Nicolet Co,
USA) in the range of 400-4000 cm™”. X-ray powder
diffraction (XRD) of zeolites was performed on a D8
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Advance Bruker AXS X-ray diffractometer using Ni-
filtered Cu Ko radiation (A = 0.15418 nm). The morphology
and chemical analysis were determined using field-emission
scanning electron microscopy (FE-SEM) by a KYKY
(Model, EM3200). The N, adsorption-desorption technique
was measured at -196.2 °C (Quantachrome, USA). The
total
were determined by the Brunauer-Emmet-Teller (BET)

surface area (Sggr) and total volume (Vieso)
isothermal equation and the pore diameter were estimated
by BJH desorption. The t-plot method calculates the
micropore volume (Viicro). The mesopore volume (Vieso) 1S
difference of the calculated total data and the corresponding
micropore data. The point of zero charge (pHy,.) of nano-
adsorbent was determine using the conventional method
(Kalhori et al,, 2013). Firstly, the initial pH value of
different solutions (0.1 1 of 0.1 M NaCl) was adjusted in a
pH range of 2-7 by 1 M HCI or NaOH solution. Then, 1.0 g
of the nano-adsorbent was added to each solution and stirred
for 48 h. Finally, the pH of solution was measured. The
value of pHy, of nano-adsorbent was found from the
intersection of the curve of final vs. initial pH.

Adsorption Procedure

The adsorption of MB in the batch system was
the The
experiments of adsorption kinetic were conducted by adding

conducted over modified nano-adsorbent.
3.0 g I'' of the nano-adsorbent in 50 ml MB solution
(10 mg 1'") at pH = 9.0. HCI or NaOH (0.1 M) adjusted the
solution pH. After the adsorption experiments, the residual
concentration of MB in the solution was determined by a
Jenway 6705 UV-Vis spectrophotometer (England). The
removal efficiency and the adsorption value (q) were
obtained as the following:
G -G (1)

Removal (%) = x 100

0

c,-C
m

@

CxV

qﬁz

where Co and C. (mg ") were the concentrations at initial
and equilibrium, respectively. q. (mg g") is the adsorbed
value. C, (mg I"") is the concentration of MB at time t, V (1)
is the volume and m (g) is the nano-adsorbent mass.
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RESULTS AND DISCUSSION

Characterization

The FT-IR spectra of the nano-adsorbent are depicted in
Fig. 1. The rings of zeolite with 5 members result in the
band at 550 cm™. The band at around 3680 cm™ can be
attributed to the Al-OH group in the zeolite. The FT-IR
spectra at 3610 cm™ and 3680 cm™' are assigned to Si-OH-
Al [27-29]. The XRD results confirm the correct synthesis
of the HZSM-5 zeolite with the high crystallinity (Fig. 2).
The XRD pattern of the modified zeolite is similar to the
parent, indicating no change of the structure through the
impregnation process.

Furthermore, there is no peak associated with the Fe
promoter indicating the uniform distribution of Fe promoter
in the ZSM-5 structure. The textural data of the parent and
modified zeolites are shown in Table 1. The BET surface
area is 321.1 and 291.8 m* g for the parent and modified
nano-adsorbent, respectively. The decrease in pore volume
and surface area of the modified nano-adsorbent can be
explained by the pore blockage owing to iron species [30].
The isotherms are type IV based on IUPAC classification
(Fig. 3). Uptake at low pressures indicates the microporous
structure [5,31]. After the impregnation, the morphology
and distribution of the particle size of the parent and
modified nano-adsorbent do not change significantly

(Fig. 4).

Effect of Solution pH

Figure 5 represents the MB adsorption on the modified
nano-adsorbent at different initial pHs. The adsorption of
MB strongly depends on the solution pH. The increase in
the pH from 3.0 to 9.0 leads to the high adsorption of MB.
The maximum adsorption capacity is obtained at pH of 9.0
(3.248 mg g ') within 96 min. The results can be explained
by the electrostatic effects. The pH value at the point of zero
charge (pH,,) for the nano-adsorbent was equal to 4. The
surface of the nano-adsorbent is protonated at pH < pH,,q,
which causes electrostatic repulsions with MB molecules.
At higher pH values (pH > pH,,), stronger electrostatic
attraction is created between the positive charged MB
molecules (pKa = 3.8) and negatively charged surface of the
nano-adsorbent [32,33]. Therefore, the adsorption capacity
is increased.
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Effect of Nano-adsorbent Dosage

The effect of various amounts of the parent and
modified nano-adsorbent on the adsorption of MB are
shown in Fig. 6. The adsorbent amount significantly
influences the adsorption of MB dye. For both adsorbents,
the adsorption capacity decreases with increasing the
adsorbent amount [34]. It can be explained by the saturation
of sites over MB molecules, and, or the solid aggregation as
a result of particle-particle interaction. The modified nano-
adsorbent has a higher adsorption capacity than the parent
zeolite for the adsorption of MB. The use of Fe for the
modification of the parent nano-adsorbent improves its
characteristics to adsorption of more MB.

Effect of MB Concentration

Figure 7 depicts the MB removal change by the dye
concentration. It is clear that the adsorption is decreased by
the increase of the initial concentration from 10 to 20 mg 1™
at operating conditions of pH 9.0, 3.0 g I"' of the modified
25 °C. At the high
concentration, the active sites of the nano-adsorbent are

nano-adsorbent dosage, and T =
saturated by the dye molecules [35,36] and so the removal
of MB drops. However, the adsorption capacity is increased
from 3.29 to 4.49 mg g with the increase of the initial
concentration (Fig. 8). The increase in the adsorption
capacity is due to the high driving force of mass transfer and
the high rate of adsorption between the aqueous and solid
phases [37,38].

Effect of temperature. Figure 9 represents the
efficiency of the modified nano-adsorbent at different
temperatures. The adsorption capacity of MB decreases
from 3.25 mg g' to 2.94 mg g' within 96 min when
temperature increases from 25 °C to 35 °C in operating
conditions of Co= 10 mg 1"", pH=9.0 and 3.0 g I"' of nano-
adsorbent. The results indicate the MB adsorption as an
exothermic process. Bakhelkha et al. [39] reported that the
decreased adsorption of amoxicillin with temperature
increasing from 25 to 50 °C was attributed to the weak
forces between the adsorbent and adsorbate at high
temperatures.

Adsorption Isotherms
Various isotherm equations such as Langmuir [40],
Freundlich [41] and Temkin [34] were studied to clarify the
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Fig. 1. FT-IR spectra of the parent and modified nano-absorbent.
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Fig. 2. The XRD pattern of the parent and modified nano-absorbent.

Table 1. Crystallinity and Textural Data of the Parent and Modified Adsorbent

Crystallinity SBET Vtota] Vmicro Vmeso
Adsorbent
(%) (m’g") (em® g (em’gh)  (em’g))
Parent 100.00 321.10 0.19 0.13 0.06
Modified 81.28 291.80 0.17 0.11 0.06
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Fig. 3. N, adsorption-desorption isotherm for the parent and modified nano-absorbent.

adsorption mechanism of MB molecules on the high silica
iron-doped nano-adsorbent. The linear forms of equations
are given as follows:

C_ 1 C. (€)
4o Kidnw G
Ing, =Ink, + lln C, )
T oom
q,=B;In4, +B,InC, ,BT=? ®)
T

where C. is the equilibrium concentration, . is the adsorbed
dye, Ky is the Langmuir constant and q.x is the maximum
capacity. kr and 1/n are the constant Freundlich isotherm,
showing capacity and intensity of the adsorption over
the nano-adsorbent, respectively. by is the variation of
adsorption energy, Ar is binding equilibrium, and C. is
equilibrium dye concentration. Furthermore, the separation
factor (Ry) is calculated by Eq. (6).

L ©)
1+K,C,

L

where C; is the initial MB concentration. It is reported
that the adsorption is favorable if 0 <Ry <1 [20,42]. The
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calculated results for the isotherm models are listed in
Table 2. Langmuir model is the well-fitted (R* = 0.99) for
the MB adsorption (Fig. 10). The highest monolayer MB
adsorption capacity (qmax = 4.56 mg g') was in a better
agreement with the experimental data (e = 4.48 mg g™).
Moreover, the separation factor (R, = 0.015) is in the range
of 0 <Ry < 1, revealing the favorable adsorption.

Adsorption Kinetic
The adsorption kinetic is investigated using the pseudo-
second-order model (Eq. (7)).

t 1 t

™)

q€

q, k, qcz

where k, is the second-order rate coefficient, the fitting
results for the pseudo-second-order kinetic are displayed in
Fig. 11 and Table 3. The pseudo-second-order kinetic
exhibited a good agreement
(R*>0.99).

with adsorption data

Thermodynamic Study

The adsorption thermodynamic is studied to describe the
adsorption behaviors. The thermodynamic factors, such as
standard entropy (AS®), standard free energy (AG°®), and
standard enthalpy (AH®), are determined as follows: [43].
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Fig. 4. FE-SEM image of the (a) parent, and (b) modified nano-adsorbent.
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Fig. 5. Effect of solution pH on the adsorption. Operating conditions: 10 mg 1"' of initial concentration, T = 25 °C,
and 3.0 g I'' of the modified nano-adsorbent.
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Fig. 6. Effect of the parent and modified nano-adsorbent dosage on adsorption. Operating conditions: pH = 9.0,
T =25°C, and 10 mg I of initial concentration.
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Fig. 7. Effect of the initial MB concentration on adsorption. Operating conditions: pH = 9.0, T =25 °C, and 3.0 g1’
of nano-adsorbent dosage.

AG" =—RTInK, ®) g, =AG _AHY (10)
TR RT
—AG*
nKe=kK, =—"— ©) AG = AH® —TAS® (11)
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Fig. 8. Effect of the initial MB concentration on adsorption. Operating conditions: pH= 9.0, T =25 °C, and 3.0 g1’
of nano-adsorbent dosage.
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Fig. 9. Effect of the solution temperature of MB on adsorption. Operating conditions: pH = 9.0, Co= 10 mg 1" and
3.0 g 1" of nano-adsorbent dosage.

where K. is equal to K; (Langmuir constant), and thermodynamic parameters for the MB adsorption are
R (8.314 J mol' K') is the gas constant universal. shown in Table 4. The negative AH' reveals that the MB
According to Eq. (10), AH® and AS® can be obtained from adsorption on the nano-adsorbent is exothermic. The
the slope and intercept of the linear plot InKy vs. 1/T. The negative AG° demonstrates that the MB adsorption is a
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Table 2. Isotherm Data for the Adsorption of MB

Isotherm models Temperature (°C) Parameters isotherm

Langmuir 25 Qmax (Mg g7) 4.56
Je.cal (Mg g’]) 448
K. (Img™") 6.51
R’ 0.99

Freundlich 25 K¢ ((mg g") (1mg™)"™) 3.74
1/n 0.10
R’ 0.99

Temkin 25 Ar (M1 19535.72
br (kJ mol™) 6.47
R’ 0.99

Table 3. Kinetic Data of the MB Adsorption

Parameters  qeca (Mg g") Pseudo-Second-Order

Ce,exp (mq qE]) k, (g ng] min’]) R2

Co (mg 1)
10 3.25 3.23 0.80 0.99
15 4.17 4.08 0.25 0.99
20 448 4.21 0.21 0.99
M (modified, g1™)
1 6.09 5.59 0.14 0.99
2 3.71 3.68 0.02 0.99
3 3.25 3.23 0.80 0.99
M (parent, g 1)
1 5.20 5.11 0.76 0.99
2 3.16 3.12 2.28 0.99
2.72 2.69 1.18 0.99

pH

3 2.63 2.55 3.46 0.99
7 3.09 3.05 0.54 0.99
9 3.25 3.23 0.80 0.99
T (°C)

25 3.25 3.23 0.80 0.99
30 3.09 3.10 293 0.99
35 2.94 2.96 7.87 0.99
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Fig. 10. (a) Langmuir, (b) Freundlich, and (c) Temkin isotherms for MB removal.

Table 4. Langmuir and Thermodynamic Parameters for the MB Adsorption

Langmuir parameter 25 (°C) 30 (°C) 35(°C)
K. (Img™") 6.51 5.65 5.47
R’ 0.99 0.99 0.99
AG°(kJ K mol™) -27.24

AH® (kJ K mol™) -12723.08

AS°(kJ K mol ' K™ -46.50
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Fig. 11. Pseudo-second-order kinetic for the MB adsorption at different (a) adsorbent dosages (b) pH levels (c) initial

concentrations (d) temperatures.

spontaneously favorable process. The negative AS°
confirms the reduction in randomness at the solid-solution
interface and no significant changes in the internal structure
of adsorbent for the MB adsorption.

CONCLUSION

The high silica iron-doped ZSM-5 nano-adsorbent
was prepared and applied for the MB adsorption. The
modified nano-adsorbent had a high surface area, spherical
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morphology, and uniform distribution of Fe promoter. The
results showed that the Langmuir model was in consistent
with the experimental data (R* = 0.99 and guma = 4.56). The
kinetic of the MB adsorption followed the pseudo-second-
order model (R = 0.99). The optimum operating conditions
for the MB adsorption were pH of 9.0, 1.0 g I of the nano-
adsorbent dosage, T = 25 °C, and 10 mg 1" of MB
concentration, which resulted in the adsorption capacity
of 6.09 mg g' for the modified nano-adsorbent. The
thermodynamic properties indicated an exothermic and
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spontaneous process. Therefore, the results of this study

revealed that modified zeolite could be a high efficient

nano-adsorbent for the MB adsorption from the aqueous

solutions.
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