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Different zeolite nanostructures were synthesized from waste aluminum cans via a low-cost hydrothermal
method using different silicon sources. The produced nanostructures were identified using XRD, FT-IR, SEM,
and TEM analyses. XRD proved that the samples which synthesized using fumed silica and sodium
metasilicate consist of a composite of (analcime, hydroxysodalite, and zeolite P1) and (sodium aluminum
silicate hydroxide hydrate and nepheline hydrate), respectively. Moreover, the samples which synthesized
using silica gel and tetraethyl orthosilicate composed of LTA zeolite and a composite of (sodium aluminum
silicate hydroxide hydrate and zeolite 4A), respectively. The as-prepared zeolite nanostructures were tested
in the removal of malachite green dye from aqueous media using a batch method. The results revealed that
the adsorption processes fitted well with the pseudo-second-order kinetic model and Langmuir adsorption
isotherm. In addition, the mechanism of adsorption processes was controlled by three successive stages,
namely inner diffusion, outer diffusion, and pore diffusion processes where the pore diffusion is the rate-
determining step. Additionally, thermodynamic parameters showed that the adsorption processes were
spontaneous, physisorption, and exothermic.
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1. Introduction

Rubbish is a mixture of stones, dust, sand, wood, metal, leather, and
various wastes (such as paper, porcelain, and glass). This is the wide-
spread expression of so-called waste or solid waste, which is produced
by human activities from various walks of life (housing, camp, service
facilities, etc.). The accumulation of rubbish without disposal causes a
lot of health problems that become a fertile breeding ground for mi-
crobes, animals, and insects such as flies, mosquitoes, mice, cats, and
dogs. This helps spread diseases that affect human health [1]. It also af-
fects the tourist activity and damages the basic buildings of roads, wa-
terways, and sewage. The psychological and social effects of the
citizens were also increased because of the accumulation of rubbish
and fearing of the spread of diseases among them. In developed coun-
tries, rubbish is used in the development of some industries. This
helps significantly in reducing the quantities of rubbish that will be dis-
posed of in landfills. Also, the benefits that will accrue to the national
economy from the use and recycling of such wastes were increased.
hman@fsc.bu.edu.eg,
Waste from homes is not scarce. Rubbish collected in the United States
is estimated to be equivalent to half a kilogram of household waste per
person per day. Also, it is well known that the problem of rubbish is one
of the major problems that most of the inhabitants of the villages and
regions of Egypt suffer from. It is one of the most important problems
that must be taken care of and work to solve. This is because of the ex-
cellent environmental and financial returns in the case of economic ex-
ploitation instead of leaving it to accumulate. Most of these wastes can
be utilized after separating the components of it into different types,
which include: paper [2, 3], glass [4–7], plastic [8–10], agricultural [11,
12], and metallic wastes [13–16]. Metallic wastes, such as aluminum
wastes, are very important as it is converted into factories for melting
and recycling them again. This process involves only metal smelting,
which is less expensive and energy consuming than the preparation of
new aluminum by electrolysis of aluminum oxide. This is due to the
electrolysis process need to extract bauxite ore [17, 18]. Aluminum
cans such as 7 up cans are a wealth of themselves. It is one of the best
waste recycling projects because aluminum is the economic packing
material in its assembly and recycling. Scientists have recently sought
to exploit some aluminum wastes in the preparation of aluminum
oxide [19, 20] and hydrotalcite [21] nanomaterials. Also, silicon wastes
were used in the preparation of nanomaterials called zeolites with
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great industrial applications [22–26]. Zeolites are a highly porous mate-
rial made up of crystals of aluminum silicates [27]. These substances are
able to retain positive ions such as the Na+, K+, Ca2+, andMg2+ in their
pores. These materials have many characteristics that make them have
environmental, industrial, agricultural and economic applications [28–
40]. Removal of organic dyes from aqueous solutions is one of the
most important benefits of zeolites, as these dyes are dangerous to
human health [41–47]. There are differentways to prepare such zeolites
compounds using the hydrothermal method [48–59]. But these
methods depend on the use of high-cost chemicals for aluminum
sources. As far as I know, there are no papers yet in the preparation of
zeolite from the cans. So this was motivating me to work at that point.
In this research paper, 7 up aluminum canswere used as a cheap alumi-
num source which available in the rubbish. Different zeolite nanostruc-
tures were synthesized using the hydrothermal method. This can be
achieved through the interaction between the aluminum source solu-
tion and a solution of different sources of silica namely fumed silica, so-
dium metasilicate, silica gel, and tetraethyl orthosilicate. Also, the
synthesized zeolite nanostructures were used to purify water from the
malachite green dye.

2. Experimental

2.1. Chemicals

The chemicals used in this paper are sodium hydroxide (NaOH), sil-
ica gel (SiO2), fumed silica (SiO2), sodiummetasilicate (Na2SiO3·5H2O),
tetraethyl orthosilicate (Si (OC2H5)4), and malachite green dye
(C23H25ClN2). All of which was purchased from Sigma-Aldrich com-
pany. 7 up cans (which containing aluminum) were collected from
the local Egyptian market.

2.2. Synthesis of zeolite nanostructures

The aluminum solution has been prepared as follows: 2 g of the
outer part of the 7 up cans was dissolved in 50 ml of 2.5 M sodium
hydroxide solution. Then the resulting solution was filtered to re-
move impurities. While the silicon solution was prepared by dissolv-
ing 2.25 g of silicon from different silicon sources in 50 ml of 2.5 M
sodium hydroxide solution. The silicon sources used were fumed sil-
ica (4.80 g), sodium metasilicate (17.07 g), silica gel (4.80 g), and
tetraethyl orthosilicate (16.76 g). After that, the previous two solu-
tions were added to each other partially wise with continuous stir-
ring for 30 min. Then, the produced gel was transferred to the
Teflon lined stainless autoclave. For the hydrothermal treatment,
the autoclave was placed at 150 °C for one day. Afterward, the pre-
cipitates were filtered, washed thoroughly several times with
bidistilled water, and dried at 120 °C for 12 h. It noteworthy that
the samples synthesized using fumed silica, sodiummetasilicate, sil-
ica gel, and tetraethyl orthosilicate were labeled as ZF, ZM, ZS, and
ZT, respectively.

2.3. Adsorption study

Using 100 ml beakers, 0.1 g of the sample prepared using fumed
silica (ZF) or sodium metasilicate (ZM) was added to 50 ml of the
malachite green dye solution (700 mg/l). The above steps were re-
peated with the samples prepared using silica gel (ZS) or tetraethyl
orthosilicate (ZT) but with 50 mg/L malachite green dye solution.
After that, the solutions were stirred at room temperature using a
multi-position magnetic stirrer (550 rpm). After the arrival of the
time required for the adsorption study, the contents of beakers
were separated using the centrifuge (3000 rpm). The residual con-
centration of the dye (after adsorption process) was measured
using the UV ‐Vis spectrophotometer at 620 nm (λmax of malachite
green dye) utilizing their pre-constructed calibration curves. The
adsorption capacity of the adsorbent materials at time t (Qt, mg/g)
was measured using Eq. (1).

Qt ¼ Co−Ctð ÞV=m ð1Þ

where, Co (mg/l) is the initial concentration of malachite green dye
solution, Ct is the residual concentration of malachite green dye at
time t, V (l) is the volume taken of the malachite green dye solution,
and m (g) is the mass of adsorbent materials. It is noteworthy that
the percent removal of malachite green dye (% Removal) at time t
was estimated using Eq. (2)

%Removal ¼ Co−Ctð Þ100=Co ð2Þ

Moreover, the effect of different concentrations of malachite
green dye (200‐1000 mg/l, in case of ZF or ZM and 10‐200 mg/l,
in case of ZS or ZT) has been studied. The adsorption capacity of the
adsorbent materials at equilibrium (Qe, mg/g) was measured using
Eq. (3).

Qe ¼ Co−Ceð ÞV=m ð3Þ

where, Ce (mg/l) is the concentration of malachite green dye solution
at equilibrium.

In addition, the percent removal ofmalachite green dye (% Removal)
at equilibrium was calculated using Eq. (4)

%Removal ¼ Co−Ceð Þ100=Co ð4Þ

Also, the effect of three temperatures (298, 313 and 323 K) on the
malachite green dye solution of concentration 700 mg/l (in the case of
ZF or ZM) or 50 mg/l (in the case of ZS or ZT) has been studied. The ad-
sorption capacity of the adsorbent materials at different temperatures
(QT, mg/g) was measured using Eq. (5).

QT ¼ Co−CTð ÞV=m ð5Þ

where, CT is the residual concentration of malachite green dye at tem-
perature T. In addition, the percent removal of malachite green dye (%
Removal) at temperature T was calculated using Eq. (6)

%Removal ¼ Co−CTð Þ100=Co ð6Þ

2.4. Physico-chemical measurements

XRD patterns of the as-prepared zeolite nanostructures samples
(ZF, ZM, ZS, and ZT) were detected using an 18 kW diffractometer
(Bruker; model D8 Advance) equipped with monochromated Cu
Kα radiation (λ = 1.54178 Å). FT-IR spectra of the as-prepared zeo-
lite nanostructures samples were collected using a Nicolet iSio FT-IR
spectrophotometer in the 4000‐400 cm‐1 region using KBr disk. The
SEM images of the as-prepared zeolite nanostructures samples
were taken on a scanning electron microscope (JEOL; model JSM-
6510LA). Elemental analyses of 7 up cans and the as-prepared zeolite
nanostructures samples were performed using link, ISIS-300, Oxford
EDS (energy dispersion spectroscopy) detector. The TEM images of
zeolite nanostructures samples on carbon-coated grids (CCG) were
collected employing a transmission electron microscope (JEOL-
1010) at a speeding voltage of 80 kV.

3. Results and discussion

3.1. XRD and EDS studies

The EDS analysis of the outer shell of the 7 up cans proved that it
contains C, O, Mg, Al, Si, Ti, Mn, and Fe as shown in Fig. 1 and Table 1.
It is also clear that aluminum occupies the highest ratio (31.22%). X-



Table 1
EDS data of the 7 up cans and the synthesized ZF, ZM, ZS, and ZT samples.

Sample C% Na% O% Mg% Al% Si% Ti% Mn% Fe%

7 up cans 45.73 – 13.77 1.33 31.22 1.76 4.83 0.91 0.45
ZF – 15.42 37.71 1.50 17.76 25.95 0.75 0.43 0.48
ZM – 21.24 37.45 1.68 16.69 20.96 1.31 0.35 0.32
ZS – 14.93 37.82 1.15 18.97 25.11 1.43 0.41 0.18
ZT – 16.34 36.11 2.44 20.02 22.38 0.51 1.55 0.65
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ray diffraction (XRD) technique is a family of analytical techniques that
gives information about the crystalline structure and chemical composi-
tion. It is proved that the samplewhich prepared using fumed silica (ZF)
consists of composites of different phases of zeolite includes analcime
(Cubic; JCPDS No. 70-1575; Space group: Ia-3d) [60], hydroxysodalite
(Cubic; JCPDS NO. 11-0401; Space group: P-43n) [61], and zeolite P1
(Tetragonal, JCPDS No. 39‐0219; Space group: I-4) [62] as strongly
shown in Fig. 2A and Table 2. It is alsoworthmentioning that the results
of X-ray diffraction proved that the sample which synthesized using so-
diummetasilicate (ZM) consists of composites of sodium aluminum sil-
icate hydroxide hydrate (Cubic; JCPDS NO. 42-0215; Space group: P-
43n) [63] and nepheline hydrate as shown in Fig. 2B and Table 2. It is
known that the crystal system of nepheline hydrate is not yet known
[64, 65]. In addition, XRD proved that the sample which synthesized
using silica gel (ZS) composed of LTA zeolite (Cubic, JCPDS No. 73-
2340; Space group: Fm-3c) as shown in Fig. 2C and Table 2 [66]. More-
over, The XRD confirmed that the sample which synthesized using
tetraethyl orthosilicate (ZT) consists of composites of sodiumaluminum
silicate hydroxide hydrate (Cubic; JCPDS NO. 42-0215; Space group: P-
43n) [63] and zeolite 4A (Cubic; JCPDS NO. 43-0142; Space group:
Fm-3c) as shown in Fig. 2D and Table 2 [67]. Scherrer equation is an
equation used to calculate the crystallite size (D, nm) of the nanoparti-
cles and is given by the relationship in Eq. (7):

D ¼ 0:9λ=β cos θB ð7Þ

where, β, θB, and λ are the full width at half maximum (FWHM) of the
XRD diffraction peaks, the diffraction angle according to Bragg formula,
and wavelength of the X-ray radiation, respectively [68–70]. It was
found that the average crystallite size was increased according to the
following order; ZM b ZT b ZF b ZS as clarified in Table 2. It is notewor-
thy that EDS analysis has shown that all synthesized samples (ZF, ZM,
ZS, and ZT) are composed of high percent's of Na, O, Si and Al, as well
as small percent's of Mg, Ti, Mn, and Fe as clarified in Table 1. It is also
noted that Si/Al ratio of the aforementioned samples are 1.46, 126,
1.32, and 1.12, respectively. It is worthmentioning that XRD not detects
any phases due to Mn, Mg, Fe, and Ti elements despite EDS confirm
these elements. This is due to the small percents of those elements in
the synthesized samples [70].

3.2. SEM and TEM studies

Morphologies of the as-prepared zeolite nanostructures products
(ZF, ZM, ZS, and ZT) have been examined using both of scanning
Fig. 1. The EDS spectrum of th
electron microscopy (SEM) and transmission electron microscopy
(TEM), as shown in Figs. 3 and 4, respectively. The images taken by
SEM demonstrated that ZM and ZT samples are made up of aggre-
gates of a sphere like structures with an average size of ca.3.54 and
3.07 μm, respectively. In addition, ZF and ZS samples were found to
consist of aggregates of a (sphere and sheet) and (sphere and
cubic) like structures with an average size of ca. 10.33 and 8.65 μm,
respectively. Moreover, TEM images, exhibit that the samples; ZF,
ZM, ZS, and ZT, are composed of spherical, (spherical and irregular),
(spherical and cubic), and spherical shape particles with average di-
ameters of 46.56, 26.28, 75.83, and 38.73 nm, respectively. These re-
sults are in agreement with those deduced from XRD analysis. The
above results can be explained by the fact that the change of the sil-
icon source results in an effect on the produced phase, crystallite
size, and morphology [51, 71].

3.3. FT-IR study

Fig. 5 (A, B, C, and D) represents FT-IR spectra of the as-prepared ze-
olite nanostructures products (ZF, ZM, ZS, and ZT), respectively. The re-
sults revealed that the peaks which appeared at 3424, 3514, 3447, and
3430 cm−1 for ZF, ZM, ZS, and ZT samples, respectively are due to
stretching vibration of surface adsorbed zeolite water. Also, the peaks
at 1636, 1649, 1654, and 1635 cm−1 for ZF, ZM, ZS, and ZT samples, re-
spectively assigned to bending vibration of HOH. Asymmetric stretching
vibration (External; internal) of T-O (T= Si, Al) for ZF, ZM, ZS, and ZT
samples are (1462; 1029 cm−1), (1480; 987 cm−1), (1454; 996 cm−1),
and (1459; 993 cm−1), respectively.Moreover, symmetric stretching vi-
bration (External; internal) for T-O (T = Si, Al) for ZF, ZM, ZS, and ZT
samples are (740; 618 cm−1), (699; 632 cm−1), (667 cm−1; not ap-
pear), and (723; 663 cm−1), respectively. It is noteworthy to mention
that double ring vibration for ZM, ZS, and ZT samples were observed at
563, 557, and 560 cm−1, respectively.
e outer part of 7 up cans.



Fig. 2. XRD patterns of the zeolite nanostructures synthesized using fumed silica (ZF sample) (A), sodium metasilicate (ZM sample) (B), silica gel (ZS sample) (C), and tetraethyl
orthosilicate (ZT sample) (D).

Table 2
Produced phases, chemical structure, JCPDS card, and average crystal size of the synthesized ZF, ZM, ZS, and ZT samples.

Sample Produced phases Chemical structure JCPDS card Average crystal size (nm)

ZF Analcime
Hydroxysodalite
Zeolite P1

Na (AlSi2O6) (H2O)
Na4Al3Si3O12 (OH)
Na6Al6Si10 O32·12H2O

70-1575
11-0401
39-0219

57.77

ZM Sodium aluminum silicate hydroxide hydrate
Nepheline hydrate

Na8 (AlSiO4)6 (OH)2·2H2O
Na2Al2Si2O8·0.5H2O

42-0215
10-0459

21.89

ZS Zeolite LTA Na12Al12Si12O48 (H2O)27 73-2340 73.46
ZT Sodium aluminum silicate hydroxide hydrate

Zeolite 4A
Na8 (AlSiO4)6(OH)2·2H2O
Na92Al92Si100 O384

42-0215
43-0142

44.17
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Fig. 3. SEM images of the zeolite nanostructures synthesized using fumed silica (ZF sample) (A), sodium metasilicate (ZM sample) (B), silica gel (ZS sample) (C), and tetraethyl
orthosilicate (ZT sample) (D).
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3.4. Adsorption of malachite green dye from polluted water using the as-
prepared zeolite nanostructures

3.4.1. Effect of contact time and adsorption kinetics
Fig. 6 shows the relationship between the percent removal (Fig. 6A)

or the amount of adsorbed dye (Fig. 6B) and the contact time. ZF, ZM, ZS,
and ZT were found to have the highest percent removal of ca. 67.86,
78.57, 87.56, and 85.62 at equilibrium times of 120, 180, 40 and 50
min, respectively. Also, amounts of adsorbed dye were ca. 237.50,
275.00, 21.89, and 21.41 mg/g at the previous equilibrium times, re-
spectively. Moreover, above equilibrium times the percent removal or
the amount of adsorbed dye is not significantly affected because of the
saturation of the active sites of the adsorbents. Six kinetic models
were studied, to determine the mechanism of adsorption, [47] include
Pseudo-first-order (Eq. (8)), Pseudo-second-order (Eq. (9)), Intra-parti-
cle-diffusion (Eq. (10)), Spahn and Schlunder (Eq. (11)), Iqbal et al. (Eq.
(12)), and Bangham (Eq. (13)).

log Qe−Qtð Þ ¼ log Qe−K1 t=2:303 ð8Þ

t=Qt ¼ 1=K2Qe
2

� �
þ 1=Qeð Þ t ð9Þ

Qt ¼ Kintt0:5 þ C ð10Þ

ln Ct ¼ ln Co−Kextt ð11Þ

ln 1−Fð Þ ¼ −Kextt ð12Þ

log R ¼ log Kom=2:303 V½ � þα log t ð13Þ

where, Qe (mg/g) is the amount of the adsorbed dye at equilibrium, Qt

(mg/g) is the amount of the adsorbed dye at time t (min), k1 (1/min)
is the pseudo- first-order rate constant, k2 (g/mg.min) is the pseudo-
second-order rate constant, C (mg/g) is the thickness of boundary
layer, kint (mg/(g.min0.5)) is internal diffusion constant, Kext (1/min) is
external diffusion constant, Ct (mg/L) is the concentration of dye at
time t, F is fraction attainment of equilibrium or extent of conversion
and it was calculated using Eq. (14), α (mg/g.min) b1) and Ko (g/mg.
min) are the Bangham constants. In addition, R can be calculated
using Eq. (15)

F ¼ Qt=Qe ð14Þ

R ¼ log Co= Co−Qtmð Þ½ � ð15Þ

Fig. 7 (A‐F) represents all of the aforementioned six kinetic models,
respectively. Moreover, all of the constants and correlation coefficients
for the kinetic models were calculated in Table 3. The data exhibited
that the adsorption processes of the malachite green dye follow the
pseudo-second-order model more than pseudo-first-order because
the correlation coefficients of the pseudo-second-order model are
greater than that of pseudo-first-order. The inner diffusion process of
the malachite green dye adsorbates inside the zeolite nanostructures
adsorbent particles was checked using intra-particle-diffusion model
[47]. The validity of this model is known to be vital in the case of
obtaining zero intercept values of the plot of Qt vs. t0.5. However, the
plot of Qt vs. t0.5 produces linear fittings with good correlation coeffi-
cients which did not pass through the origin, indicating that intra-parti-
cle diffusion is not the only rate-controllingmechanism. Outer diffusion
process was verified by Spahn and Schlunder [47]. Good correlation co-
efficients values of this model were obtained indicating that there is a
dominant part of this process in the adsorption. The outer diffusion pro-
cess was also confirmed via the model assumed by Iqbal et al. [47]
where excellent linear relationships (with good correlation coefficients)



Fig. 4. TEM images of the zeolite nanostructures synthesized using fumed silica (ZF sample) (A), sodium metasilicate (ZM sample) (B), silica gel (ZS sample) (C), and tetraethyl
orthosilicate (ZT sample) (D).
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do not pass through the origin. Banghammodel [47] prove that pore dif-
fusion process is the only rate- controlling- step because it characterized
by good correlation coefficients values. Hence, the adsorption of the
malachite green dye molecules onto ZF, ZM, ZS, and ZT zeolite nano-
structures takes place in three successive stages (I) Inner diffusion pro-
cess (II) Outer diffusion process (III) Pore diffusion process.

3.4.2. Effect of concentration and adsorption isotherms
Fig. 8A shows that the percent removal over the as-prepared zeolite

nanostructures (ZF, ZM, ZS, and ZT) increases as the concentration of the
malachite green dye decreases. In addition, the experimental adsorption
data were examined by fitting to two models namely, Langmuir (Eq.
(16)) and Freundlich (Eq. (17)) isotherms as shown in Figs. 8B andC, re-
spectively [47].

Ce/Qe = (1/bQm)+ (Ce/Qm) [16].

Ce=Qe ¼ 1=bQmð Þ þ Ce=Qmð Þ ð16Þ

ln Qe ¼ ln Kf þ 1=nð Þ ln Ce ð17Þ

where, Ce (mg/L) is the residual dye concentration at the equilibrium,Qe

(mg/g) is the amount of the adsorbed dye at the equilibrium, b (L/mg) is
the Langmuir constant, Qm (mg/g) is themaximumadsorption capacity,
Kf (mg/g) (L/mg) 1/n is the Freundlish constant and 1/n is the heteroge-
neity factor. Moreover, Qm was calculated from Freundlish isotherm,
using Eq. (18), as Halsey told [47].

Qm ¼ Kf Coð Þ1=n ð18Þ

All the constants for the previous twomodelswere shown in Table 4.
The results confirmed that the adsorption process fitted well with the
Langmuir isotherm because their corresponding correlation coefficients
more than those of Freundlish isotherm. Moreover, the maximum ad-
sorption capacities of the malachite green dye on the as-prepared zeo-
lite nanostructures (ZF, ZM, ZS, and ZT) adsorbents were 226.757,
239.234, 29.744, and 25.221, respectively.

3.4.3. Effect of temperature and adsorption thermodynamic parameters
Fig. 9A shows that the percent removal of the malachite green dye

over the as-prepared zeolite nanostructures (ZF, ZM, ZS, and ZT) de-
creased largely with raising the temperature of the dye solution.
Hence, the adsorption processes were exothermic. This observation
may be because of the ability of the adsorbed malachite green dye mol-
ecules to escape into liquid solution again at higher temperatures. In ad-
dition, thermodynamic parameters such as a change in enthalpy (ΔHo),



Fig. 5. FT-IR spectra of the zeolite nanostructures synthesized using fumed silica (ZF sample) (A), sodium metasilicate (ZM sample) (B), silica gel (ZS sample) (C), and tetraethyl
orthosilicate (ZT sample) (D).
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change in the entropy (ΔSo), and change in free energy (ΔGo) were cal-
culated using Eqs. (19) and (20) [47].

lnKd ¼ ΔSo=R
� �

− ΔHo=RT
� � ð19Þ

ΔGo ¼ ΔHo−TΔSo ð20Þ

where, Kd (l/g) is distribution coefficient which is determined from ei-
ther Eq. (21) or Eq. (22), T (K) is temperature, and R (KJ/mol K) is gas
Fig. 6. Effect of contact time on both of the percent removal of malachite green dye (A)
constant.

Kd ¼ QT=CT ð21Þ

Kd ¼ %Removal= 100−%Removalð Þ½ �V=m ð22Þ

Fig. 9B and Table 5 confirms that the adsorption processes of the
malachite green dye on the as-prepared zeolite nanostructures adsor-
bents (ZF, ZM, ZS, and ZT) are spontaneous at lower temperatures due
to the obtained negative ΔG0 values. In addition, Adsorption processes
were exothermic because of the obtained negative ΔH0 values. Due to
and amount of adsorbed malachite green dye (B) using ZF, ZM, ZS, and ZT samples.



Fig. 7. Pseudo- first-order (A), Pseudo- second-order (B), Intra- particle-diffusion (C), Spahn and Schlunder (D), Iqbal et al… (E), and Bangham (F) kineticmodels using ZF, ZM, ZS, and ZT
samples.
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the significant increase in the values of ΔG0 at high temperatures, the
processes are non-spontaneous at these temperatures. Moreover, the
adsorption processes of malachite green dye on the as-prepared zeolite
nanostructures (ZF, ZM, ZS, and ZT) adsorbents are physisorption be-
cause theΔH0 values are ‐5.819, ‐5.715, ‐22.620, and ‐22.473 kJ/mol, re-
spectively [47]. Eventually, ZF, ZM, ZS, and ZT zeolite nanostructures
were expected to be promising adsorbents and have the potential to
be used as low-cost adsorbents for water purification.

4. Conclusions

Different zeolite nanostructures were synthesized via a hydro-
thermal method using waste aluminum cans as an aluminum source
and four silicon sources namely, fumed silica, sodium metasilicate,
Table 3
Kinetic models of the adsorption of malachite green dye on the synthesized ZF, ZM, ZS, and ZT

Kinetic model ZF ZM

Pseudo first
order

Qe

(mg/g)
K1

(1/min)
R2 Qe

(mg/g)
K1

(1/min)
230.107 0.022 0.971 205.116 0.012

Pseudo second
order

Qe

(mg/g)
K2

(g/mg.min)
R2 Qe

(mg/g)
K2

(g/mg.min)
314.465 6.2E–5 0.977 312.500 9.1E–5

Intra particle
diffusion

C
(mg/g)

Kint (mg/(g.
min0.5))

R2 C
(mg/g)

Kint (mg/(g.
min0.5))

22.400 24.14 0.987 18.38 19.66
Spahn and
Schlunder

Co

(mg/g)
Kext

(1/min)
R2 Co

(mg/g)
Kext

(1/min)
643.550 0.009 0.985 559.476 0.007

Iqbal et al Kext

(1/min)
R2 Kext

(1/min)
R2

0.022 0.971 0.012 0.844
Bangham α

(mg/g·min)
Ko

(g/mg·min)
R2 α

(mg/g·min)
Ko

(g/mg·min)
0.675 7.6E–4 0.955 0.527 1.5E–3
silica gel, and tetraethyl orthosilicate. The results showed that the
change of the silicon source results in an effect on the produced
phase, crystallite size, and morphology. The as-prepared zeolite
nanostructures possess high adsorption capacity for the removal of
the malachite green dye from aqueous media. Moreover, the maxi-
mum adsorption capacities of the malachite green dye on the as-pre-
pared zeolite nanostructures (ZF, ZM, ZS, and ZT) adsorbents were
226.757, 239.234, 29.744, and 25.221, respectively. The data exhib-
ited that the adsorption processes of the malachite green dye follow
the pseudo-second-order kinetic model and Langmuir isotherm. Be-
sides, the results indicating that there are dominant parts of inner
diffusion, outer diffusion, and pore diffusion processes in the adsorp-
tion. Bangham model proves that pore diffusion process is the only
rate- controlling-step. Also, the results prove that the adsorption
samples.

ZS ZT

R2 Qe

(mg/g)
K1

(1/min)
R2 Qe

(mg/g)
K1

(1/min)
R2

0.844 19.617 0.042 0.893 20.440 0.085 0.824
R2 Qe

(mg/g)
K2

(g/mg.min)
R2 Qe

(mg/g)
K2

(g/mg.min)
R2

0.976 28.629 1.7E–3 0.938 23.148 5.8E–3 0.987
R2 C

(mg/g)
Kint (mg/(g.
min0.5))

R2 C
(mg/g)

Kint (mg/(g.
min0.5))

R2

0.927 1.478 3.369 0.903 3.078 2.671 0.986
R2 Co

(mg/g)
Kext

(1/min)
R2 Co

(mg/g)
Kext

(1/min)
R2

0.793 51.703 0.045 0.881 38.550 0.033 0.986
Kext

(1/min)
R2 Kext

(1/min)
R2

0.042 0.939 0.085 0.824
R2 α

(mg/g·min)
Ko

(g/mg·min)
R2 α

(mg/g·min)
Ko

(g/mg·min)
R2

0.911 0.406 3.5E–3 0.759 0.367 5.2E–3 0.996



Fig. 8. Effect of initial concentrations on the removal of malachite green dye using ZF, ZM, ZS, and ZT samples (A), Langmuir isotherms (B), and Freundlish isotherms (C).

Table 4
Adsorption isotherms of the adsorption of malachite green dye on the synthesized ZF, ZM, ZS, and ZT samples.

Adsorption model ZF ZM ZS ZT

Langmuir Qm

(mg/g)
b
(L/mg)

R2 Qm

(mg/g)
b
(L/mg)

R2 Qm

(mg/g)
b
(L/mg)

R2 Qm

(mg/g)
b
(L/mg)

R2

226.757 0.112 0.964 239.234 0.116 0.997 29.744 0.230 0.976 25.221 0.197 0.989
Freundlish Qm

(mg/g)
Kf

(mg/g)(L/mg)1/n
R2 Qm

(mg/g)
Kf

(mg/g)(L/mg)1 / n
R2 Qm

(mg/g)
Kf

(mg/g)(L/mg)1/n
R2 Qm

(mg/g)
Kf

(mg/g)(L/mg)1/n
R2

244.955 154.969 −0.102 252.805 233.857 −0.443 28.099 9.725 0.862 23.801 6.838 0.818
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processes are spontaneous and exothermic due to the obtained neg-
ative ΔG0 and ΔH0 values, respectively. Moreover, the adsorption
processes are physisorption because the ΔH0 values are less than
40 kJ/mol.
Fig. 9. Plot of % Removal of malachite green dye vs. temperature us
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ing ZF, ZM, ZS, and ZT samples (A) and plot of lnKd vs. 1/T (B).



Table 5
Thermodynamic parameters of the adsorption of malachite green dye on the synthesized ZF, ZM, ZS, and ZT samples.

Thermodynamic parameters ΔGo (KJ/mol) ΔSo (KJ/mol·K) ΔHo (KJ/mol)

298 (K) 313 (K) 323 (K)

ZF −11.481 −11.766 −11.956 0.019 −5.819
ZM −9.887 −10.097 −10.237 0.014 −5.715
ZS −41.990 −42.965 −43.615 0.065 −22.620
ZT −43.035 −44.070 −44.760 0.069 −22.473
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