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Abstract

In this study, nanozeolite L was applied for the removal of toxic methylene blue dye (MB) to evaluate its feasibility as an
effective adsorbent. Synthesized nanozeolite L was characterized by Xray diffraction (XRD), Fourier transform infrared
(FTIR), scanning electronic microscopy (SEM), Brunauer-Emmett-Teller (BET), and energy-dispersive Xray analysis
(EDX) methods to determine its basic physicochemical properties. Batch adsorption studies were performed as a func-
tion of pH, adsorbent dose, contact time, initial MB concentration, and temperature. The adsorption behavior of MB
was fitted better by the Langmuir isotherm than by the Freundlich isotherm, and the maximum adsorption capacity of
nanozeolite L was obtained 80.64 mg g~!. The negative values of Gibbs free energy change (AG®) and the positive value
of the standard enthalpy change (AH®) affirmed that the adsorption process is spontaneous and endothermic. Based on
these findings, nanozeolite L, with high surface area, great adsorption capacity, and low synthetic cost, can be an effective

and economical adsorbent for MB removal.
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1. Introduction

The discharge of dye effluents from various indus-
tries such as paper, textiles, leather, plastics, rubber, cos-
metics, and food beverages to the environment, especially
to the water system, is becoming a major concern because
of their toxicity. The considerable release of dyes from
these industries is a major problem of pollution, leading to
severe damages to aquatic life. Dyes can consume the dis-
solved oxygen necessary for aquatic life, and also some of
them have direct toxicity to microbial populations and
even can be toxic and carcinogenic to mammals.'-?

Methylene blue (MB) is a cationic aromatic dye and
has several adverse effects on Homo sapiens, such as an
increase in hypertension, nausea, diarrhea, headache, diz-
ziness, and eye injuries. So it must be removed from waste-
water before discharge into water bodies.*-¢

Various physical and chemical methods such as co-
agulation, sedimentation, ozonation, membrane separa-
tion, photocatalysis, and adsorption have been used for the
removal of dyes from wastewaters.”® Among these meth-

ods, the adsorption process is preferred because of its high
efficiency and cost-effectiveness.®!? The selection of adsor-
bent plays a significant role in determining its cost-effec-
tiveness, and the search for efficient and low-cost adsor-
bents such as natural, agricultural, and industrial
byproduct waste is still underway.!!-!* Clay materials such
as bentonite, montmorillonite, kaolinite, and zeolite have
received much attention due to their unique structural and
surface features, which offer high chemical stability and
specific surface area that conduces to high adsorption ca-
pacities.!*22 Among these clays, zeolite has received the
greatest consideration and recognition as an appropriate
adsorbent.

Among a large number of zeolites, zeolite L is one of
the most interesting and versatile adsorbents. It contains
one-dimensional (1D) channels running along the length
of its hexagonal crystals. The unique configuration of its
large pores with a diameter of 7.1 A makes this kind of
zeolite an excellent candidate for shape-selective catalysis,
for the adsorption of various species such as ions, metals,
and organic molecules and mass transport and/or occlu-
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sion.?>24 The reduction of zeolite size from the micrometer
to the nanometer scale leads to unique properties such as
decreased diffused path lengths and large external surfac-
es, which are effective for improving the adsorption of or-
ganic dye pollutants.”>** Most nanozeolites are synthe-
sized in the presence of costly organic structure-directing
agents (OSDAs), but nanozeolite L could be synthesized in
the absence of OSDAs, which is desirable due to economic
considerations.?”

The main objective of the present study is to evalu-
ate the feasibility of using synthesized nanozeolite L as a
cost-effective adsorbent for removing MB from aqueous
solution. The effects of various adsorption parameters
such as solution pH, adsorbent dose, reaction time, ini-
tial pollutant concentration, and temperature on adsorp-
tion of MB were investigated. Also, the adsorption iso-
therm, kinetic, and thermodynamic were studied. This
fundamental study would be useful for further applica-
tion in designing a batch reactor for the treatment of
dye-containing wastewaters coming out from various
industries.

2. Experimental

2. 1. Chemicals and Apparatus

Silicic acid, potassium hydroxide (= 85.0 %), and hy-
drochloric acid (37%) were purchased from Merk, and
aluminum foil and MB were purchased from Fluka. Xray
diffraction (XRD) pattern was recorded with an Xray dif-
fractometer (SHIMADZUXD-DL) using CuK, radiation
(A=1.5418 A) at 35.4 kV and 28 mA with a scanning speed
of 20 = 10° min~!. Fourier transform infrared (FTIR) spec-
trum was recorded with an FTIR spectrometer (Tensor
27Bruker) at room temperature in the range of 400-1300
cm™. Scanning electron microscopy (SEM; EM-3200,
KYKY) was used to determine the crystallite size and mor-
phology of the sample. Nitrogen adsorption-desorption
isotherms were measured at 77 K using a Quantachrome
NovaWin2 apparatus. For each set of experiments, the re-
sidual MB concentrations in the supernatant were ana-
lyzed using a T90+ -UV-vis spectrophotometer. The pH
measurements were made with a pH meter, model 827 pH
lab, Metrohm, Switzerland.

2. 2. Synthesis of Nanozeolite L

In order to synthesize nonozeolite L, silica and alu-
mina solutions were prepared by dissolving 20 mmol silic-
ic acid and 2 mmol aluminum foil in potassium hydroxide
solutions, respectively. Then, the silica solution was added
dropwise to the alumina solution under vigorous stirring.
The resulting aluminosilicate gel was transferred into a
Teflon-lined stainless steel autoclave and heated at 170°C
for 2 days. The resulting product was then centrifuged,
washed with deionized water, and dried at 80 °C.

2. 3. MB Sorption Experiments

Batch adsorption experiments were performed to in-
vestigate the adsorption behavior of MB onto synthesized
nanozolite L in aqueous solution at 25°C. The effect of pH
was studied in the range of 2-10 and the pH values were
adjusted using 0.1 M HCl and 0.1 M NaOH solutions. To
investigate the effect of pH, 5 mg of nanozeolite L was add-
ed to 10 mL of each MB solution (20 mg L™!) and the solu-
tions were shaken for 30 minutes.

To study the effect of adsorbent dosage, 10 mL of 20
mg L' MB solution at pH = 9 was shaken with 2-15 mg of
nanozeolite L for 30 minutes.

To study the kinetics of the adsorption process, MB
solution containing 0.5 g L™! of nanozeolite L at pH = 9
was vigorously agitated for different times in the range of
5-40 minutes. For adsorption isotherm studies, constant
dosages of nanozeolite L (0.5 g L™!) were agitated with dif-
ferent initial concentrations of MB in the range of 20-100
mg L 'at pH =9.

Also, the temperature effect on adsorption was
studied by mixing 5 mg of nanozeolite L with 10 mL of
40 mg L-! MB solution at different temperatures ranged
from 25 to 55 °C.

At the end of the experiments, samples were centri-
fuged and the residual concentrations of MB were deter-
mined using UV-Vis spectrophotometer. The removal per-
centage was determined from equation (1):

Removal (%) = C'(;Cf x 100 1)

where C; and C, (mg L!) are the concentrations of MB in
initial solution and the aqueous phase after adsorption, re-
spectively. Also, the adsorption capacity (q., mg g!) of
nanozeolite L was calculated using the following equation:

C -COHVv
qo= G=CO)
m

x 100 2)

where V (L) is the volume of the aqueous phase and m is
the weight of adsorbent.

3. Results and Discussion

3. 1. Characterization of Nanozeolite L

Figure 1a shows the XRD pattern of nanozeolite L.
The presence of the characteristic peaks of nanozeolite L at
20 = 5.5° 19.4° 22.7°, 25.6°, 28.0°, 29.1°, and 30.7° in the
diffraction pattern indicates that the pure phase of nanoze-
olite L is formed.?® The FTIR spectrum (inset, Fig la)
shows the characteristic vibrational bands of nanozeolite L
in the range of 400-1300 cm™!. The broadband in the range
1008-1145 cm™! shows the asymmetric stretching vibra-
tions of O-T-O (T=Si, Al) tetrahedral. The adsorption
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band near 721 cm™! belongs to the symmetric stretching
vibrations of O-T-0, and the band near 765 cm™! is relat-
ed to the symmetric stretching vibrations of AlO, tetrahe-
dral. The band around 605 cm™ is attributed to the vibra-
tion of double six-membered rings (D6Rs), and the band
near 476 cm™! is assigned to the O-T-O bending vibra-
tions.?

The size and surface morphology of synthesized
nanozeolite L was revealed from its SEM image. The for-
mation of spherical-like nanoparticles with an average di-
ameter of about 20 nm could be observed in Figure 1b.

The elemental analysis of the synthesized nanozeo-
lite L was investigated through EDX studies, and the re-
sults are represented in Figure lc. As can be seen in the
figure, the elemental content of synthesized nanozeolite
consists of oxygen (O), aluminum (Al), silicon (Si), and
potassium (K), with the weight percentages of 42.37, 27.48,
20.14, and 10.01.

The textural properties of nanozeolite sample were
investigated by N, sorption analysis. The nitrogen adsorp-
tion-desorption isotherms of nanozeolite L prepared sam-
ple is shown in Fig 1d. It shows type IV isotherm with an
H, type hysteresis loop which is found in well-defined cy-
lindrical pores or material agglomerates consisting of ex-
tremely uniform particles.?® The results showed that the

1000

specific surface area of the prepared sample is 215 m? g~
Also, the pore volume of synthesized nanozeolite obtained
0.4 cc g1, and its pore size distribution is centered at about
3.65 nm (inset, Figure 1d).

3. 2. Adsorption Studies

3. 2. 1. Effect of pH

The initial pH plays an important role in the adsorp-
tion process. The effect of solution pH on MB removal by
the synthesized nanozeolite was investigated in the range
of 2-10. As shown in Figure 2, the adsorbed MB increased
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Figure 1. (a) XRD pattern of synthesized nanozeolite L, Inset: FT-IR spectrum of nanozeolite L, (b) SEM image of nanoparticles of zeolite L, (c) EDX
spectrum of nanozeolite L, (d) Nitrogen adsorption-desorption isotherms of nanozeolite L, Inset: pore size distribution of nanozeolite L
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with increasing solution pH and reached its maximum at
pH = 9. It is probably due to the presence of H* ions at
lower pH, which will compete with cationic MB for ad-
sorption sites. As pH increases, the zeolite surface is more
negatively charged, which results in an increment of ad-
sorption because of the decrease in the electrostatic repul-
sion force between MB and zeolite surface.?!:3?

3. 2. 2. Effect of Adsorbent Dosage

Adsorbent dosage is an important factor in the ad-
sorption process because it defines the capacity of an ad-
sorbent for a given initial concentration of the adsorbate.
Figure 3 shows the effect of adsorbent dosage on the ad-
sorption of MB. The figure shows that the optimum dos-
age of nanozeolite L for the removal of MB is 5 mg. The
further increase in the amount of MB removal was found
to be negligible above a dose of 5 mg. The increase in the
extent of MB removal with the adsorbent dose is at-
tributed to the increase in the adsorbent surface area and
thus the number of adsorption sites available for adsorp-
tion.*

3. 2. 3. Effect of Contact Time and Kinetic Studies

Figure 4a shows the effect of contact time on the ad-
sorption process of MB on synthesized nanozeolite so-
dalite. As can be observed in the figure, the dye removal
efficiency was increased as the contact time increased until
equilibrium.?* The adsorption equilibrium with nanozeo-
lite sodalite was reached at 30 min.
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Figure 3. Effect of adsorbent dosage on MB adsorption by nanoze-
olite L

To evaluate the mechanism of adsorption, pseu-
do-first-order and pseudo-second-order models were in-
vestigated to find the best-fitted model for the experimen-
tal data. When the adsorption process is diffusion-con-
trolled, the kinetics follows the pseudo-first-order model,
and when the adsorption process occurs through the
chemisorption mechanism, the adsorption kinetics fol-
lows the pseudo-second-order model. These models are
expressed by the following equations:>>3¢

K
log(q, —q,) =logq, ———1-t 3
og(q, —q,) =logq, 2303 (3)

Lol (4)
q, Ky’ q,

where g, and q; are the adsorption capacity (mg g™') of the
adsorbent at the equilibrium and at time t, respectively. Also,
K; (min™!) and K, (g mg ' min~!) are the rate constants of the
pseudo-first-order and the pseudo-second-order adsorption
and can be obtained from the log (q.—q) versus t plot (Figure
4b) and t/q; versus t plot (Figure 4c), respectively.

The obtained kinetic parameters of the models and
coefficients of determination (R?) are presented in Table 1.
From the R? values, it can be deduced that the pseudo-sec-
ond-order model fits the experimental data slightly better
than the pseudo-first-order model.

3. 2. 4. Effect of MB Concentration and Isotherms
Studies

The effect of the initial concentration of MB on its
removal percentage by nanozeolite L was investigated, and
the results are presented in Figure 5a. The results show that
as the initial dye concentration increases, the removal per-
centage decreases due to the consumption of the available
active adsorption sites on the adsorbent.>”
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Figure 4. (a) Effect of contact time on MB adsorption by nanozeo-
lite L, (b) Pseudo-first-order kinetics plots for adsorption of MB by
nanozeolite L and (c) Pseudo-second-order kinetics plots for ad-
sorption of MB by nanozeolite L
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Table 1. Kinetic parameters of pseudo-first-order model and pseu-
do-second-order model for MB adsorption by nanozeolite L

Models Parameters values
pseudo-first-order K, (min1!) 0.0907
qe, cal (mg g_l) 12.50

R? 0.9236

pseudo-second-order K, (g mg~! min!) 0.0140
e, cal (mg g_l) 39.84

R? 0.9989

Experimental data Qeexp (Mg g™1) 38.49

The adsorption isotherm studies are important for
distinguishing the nature of adsorption. The adsorption
isotherm experimental data were analyzed with Langmuir
and Freundlich models.

Langmuir isotherm is used for the monolayer ad-
sorption on a homogenous surface and is expressed as fol-

lows:38

C 1 1.
i +——=0, (5)
(¢ TR PR ST

where C, is the dye concentration at the equilibrium (mg
LY); q. is the equilibrium adsorption capacity (mg g™);
Qmax 1S the maximum monolayer uptake capacity of the ad-
sorbent and Kj is the Langmuir equilibrium constant (L
mg1). quax and K can be obtained from the plot of C./q,
versus C, (Figure 5b).

Freundlich isotherm is used to describe the multilayer
adsorption equilibrium on the heterogeneous surface and is
mathematically described by the following equation:*

Inq, = InK .+ (l)ln C. (6)
n

where Kg is the Freundlich constant related to adsorbent
capacity, and n is the heterogeneity factor which indicates
the adsorption intensity. The values of Kz and n can be ob-
tained from In g, versus In C, plot (Figure 5c).

The Langmuir and Freundlich isotherm constants,
along with the correlation coefficients, are presented in Ta-
ble 2. As can be seen in the table, the obtained correlation
coefficient value is better for Langmuir isotherm, and the
equilibrium adsorption capacity (quay, ca) obtained from
the Langmuir model is close to the experimentally ob-
served saturation capacity (qmax,exp)- S0, it could be con-
cluded that the equilibrium data for MB adsorption onto
nanozeolite L gave a better fit to the Langmuir model.

3. 2. 5. Comparison with Other Adsorbents

Among several adsorbents reported in the literature
for the removal of MB from aqueous solutions, some of
them are summarized in Table 3. It can be observed that
the adsorption capability of nanozeolite L is greater than
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Figure 5. (a) Effect of initial concentration on MB adsorption by
nanozeolite L, (b) Langmuir isotherm for MB adsorption by nano-
zeolite L and (c) zeolite Freundlich isotherm for MB adsorption by
nanozeolite L

most of those reported for other adsorbents. This can be
attributed to a higher amount of adsorption sites of nano-
zeolite L and confirms that it can be used as a promising
sorbent for MB removal from its aqueous solution.

Table 2. Isotherm parameters for MB adsorption by nanozeolite L

Isotherm Parameters values
Langmuir Qmax, cal (MG g 80.64
K (L mg™) 0.43
R? 0.9989
Freundlich Kp (mg g '(L mg 1) Vm) 37.71
ng(mgg™?) 5.28
R? 0.9735
Experimental data Qmaxexp (ME g7 78.00
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3. 2. 6. Effect of Temperature and Thermodynamic
Studies

In this study, the effect of temperature on MB adsorp-
tion was investigated in the range of 298-328 K. The results
(Figure 6) showed that the percentage removal increased
with the increment of temperature. This can be attributed to
the increase of dye molecule mobility with temperature.

As the reaction temperature in the solution increas-
es, the number of molecules which have enough energy to
undergo an interaction with active sites at the surface in-
creases. 104!

Table 3. Comparison of maximum adsorption capacities of various
adsorbents for MB

Adsorbent qm (mg g™!) Reference
Kaolinite 45.60 2
Magnetic multi-wall carbon nanotube 15.87 3
Walnut shells 51.55 U
Freeze—dried agarose gel 10.40 5
Zeolite A 64.80 16
Cortaderia selloana flower spikes 47.90 =
ZSM-5 8.67 8
Algerian palygorskite powder 57.50 49
(Chit/AILP-Kao) nanocomposite 99.01 0
Fly ash based spheres 79.70 o1
Sodium dodecyl benzenesulfonate

modified ZSM-5 15.68 8
Rice husk 40.59 52
Zeolite/Ferrite Nickel/Alginate

nanocomposite 54.05 53
Nanozeolite L 80.64 This work

The Increase of percentage removal with tempera-
ture demonstrates that the adsorption process is endother-
mic. Thermodynamic parameters (AG®, AH®; AS®) values
were calculated using the following equations:

AG =-RTInK,_ (7)
i, S ®)
R RT

where R (8.314 ] mol™'K™!) is the universal gas constant, T
(K) is the absolute temperature, and K_ is the ratio of MB
concentration adsorbed on the adsorbent at equilibrium
and MB concentration remaining in solution at equilibri-
um. The values of AH® and AS° can be obtained from the
slope and intercept of In ky versus 1/T plot, respectively.
The obtained values of thermodynamic parameters are
tabulated in Table 4. AG® values obtained negative, indi-
cating that the adsorption process is thermodynamically
feasible and spontaneous at room temperature.

The positive AS® value for MB adsorption onto nano-
zeolite L is due to increasing randomness at the solid-solu-
tion interface during the adsorption process.

The Values of AG® are negative, confirming that the
adsorption process is thermodynamically feasible and
spontaneous in nature. The obtained positive value of AH®
reveals the endothermic nature of the adsorption process,
and the calculated positive value of AS° is related to the
increase of randomness at the solid-solution interface
during the adsorption process.
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Figure 6. Effect of temperature on MB adsorption by nanozeolite L

Table 4. Thermodynamic parameters for MB adsorption by nano-
zeolite L

Temperature AG° AH° AS°

(K) Ke (K mol!)  (kJmol™!) (JK'mol?)
298 2.880 -2.621 -26.256 96.66
308 3.998 -3.549

318 5.446 -4.481

328 7.690 -5.563

4. Conclusion

Uniform nanoparticles of zeolite L were synthesized
via a hydrothermal approach. Then the feasibility of using
synthesized nanozeolite L as an adsorbent for MB removal
was investigated.

The removal efficiency was optimized at a reaction
time of 30 min at pH 9 and an adsorbent dose of 0.5 g 1.
The experimental adsorption isotherm data were best fit-
ted with the Langmuir model with a maximum sorption
capacity of 80.64 mg g™!. The better R? showed that the
kinetics of the system could be conveniently modeled by
the pseudo-second-order model, indicating that the rate
controlling step is a chemisorption mechanism. The
thermodynamic studies represent that the adsorption
process is endothermic, feasible, and spontaneous in na-
ture.

Based on these evidences, nanozeolite L with high
adsorption capacity and low preparation cost can be used
as an efficient and cost-effective adsorbent for the removal
of MB from wastewater. For example, using this zeolite to
separate MB from wastewater of dye and textile factories

Gilani et al.: Adsorption Properties of Low-Cost Synthesized ...

463



464

Acta Chim. Slov. 2022, 69, 458-465

ca

n be applicative; also the ability of this zeolite can be ex-

amined to separate other industrial dyes wastewater.
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Povzetek

Nanozeolit L je bil uporabljen kot adsorbent z namenom dolo¢itve njegove ucinkovitosti za odstranjevanje strupene-
ga barvila metilen modro (MB). Sintetizirani nanozeolit L je bil okarakteriziran z rentgensko difrakcijo (XRD), infra-
rdeco Fourierjevo transformacijo (FTIR), elektronsko mikroskopijo (SEM), Brunauer-Emmett-Teller analizo (BET) in
energijsko-disperzivno rentgensko spektroskopijo (EDX) za dolo¢itev njegovih osnovnih fizikalno-kemijske lastnosti.
Adsorpcija je bila preucevana v odvisnosti od pH, koli¢ine adsorbenta, kontaktnega ¢asa, zacetne koncentracije MB in
temperature. Adsorpcijsko obnasanje MB je bilo bolje opisano z Langmuirovo izotermo kot s Freundlichovo, najvecja
adsorpcijska zmogljivost nanozeolita L pa je bila doseZena pri 80,64 mg g~!. Negativna vrednost Gibbsove proste energi-
je (AG®) in pozitivna vrednost standardne spremembe entalpije (AH®) sta potrdili, da je proces adsorpcije spontan in
endotermen. Na podlagi teh ugotovitev je nanozeolit L z veliko povrsino, veliko adsorpcijsko zmogljivostjo in nizkimi
stro$ki sinteze lahko udinkovit in ekonomicen adsorbent za odstranjevanje MB.
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