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a b s t r a c t
The pollution by heavy metal ions is a severe risk for aquatic and earthy living creatures. Ion-
exchange is an easy way to eliminate heavy metal pollution. Different ion-exchangers have been 
developed and applied for wastewater and other environmental treatments, such as zeolites. 
The synthesis of zeolites from inexpensive sources is very important in the minerals industry. 
The recycling of the waste aluminum foil to obtain the alumina source for the preparation of NaY 
zeolite and NaX zeolite was investigated in this study. Both Faujasite-type zeolites were obtained 
by a conventional hydrothermal treatment of the gel at 100°C for 24 h. The prepared zeolites were 
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive 
analysis by X-ray (EDAX), and nitrogen adsorption/desorption isotherms. The synthesized NaY 
zeolite and NaX zeolite based on aluminum foil had a Si/Al ratio of 2.28 and 1.35, and a specific 
surface area of 476.248 and 610.256 m2/g, respectively. Also, the treatment of the individual, binary, 
and ternary metals solutions containing Cd(II), Cu(II) and Hg(II) ions was carried out using ion- 
exchange by NaY zeolite and NaX zeolite. The affinity of both zeolites to the selected metal ions 
was in the following order: Cd(II) > Cu(II) > Hg(II). The ion-exchange results highly adapted to 
the pseudo-second-order kinetic model with high correlation coefficients (R2 > 0.96). Furthermore, 
stabilization of the removed ions inside the spent zeolites was conducted by geopolymers prepared 
from ordinary Portland cement and fly ash as cement material. Fly ash showed high potential as a 
solidifying material for the samples examined in the leaching test by H2SO4 solution. The ratio of 
1 cement:3 fly ash gave the least leached metals concentration at all testing conditions.
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1. Introduction

The rapid development of industries leads to diverse 
environmental issues including the discharge of large 
amounts of highly polluted wastewater [1,2]. These polluted 

waters cause negative impacts on the environment when 
they are discharged without appropriate treatment. Direct 
disposal of polluted waters containing heavy metals like 
cadmium, mercury, lead, copper, chromium, cobalt, zinc, 
and strontium, etc., is one of the major causes of pollution 
[3,4]. These heavy metals generally present in wastewaters 
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released from mining, electroplating, metal processing, tex-
tile, battery manufacturing, tanneries, petroleum refining, 
paint manufacture, pesticides, fertilizers, pigment manu-
facture, printing, and photographic industries [5,6]. The 
concerns of heavy metals increased due to the difficulty of 
the elimination process from industrial wastewaters con-
taining different types of heavy metal ions and organic pol-
lutants. Besides, heavy metals cause severe problems for 
the environment and influence public health [7–9].

Cadmium (Cd(II)) is one of the most poisonous metals 
even more toxic than mercury. Even at low concentrations 
levels, it leads to disorders such as brain damage, bone dis-
eases, pulmonary edema, trachea-bronchitis, lung cancer, 
skin cancer, anemia, kidney damage, diabetes, and heart 
diseases [10,11]. Likewise, mercury (Hg(II)) deemed as 
an extremely toxic metal that is widely present in the soil, 
water, and air. Its toxicity causes kidney injury, chronic 
diseases, respiratory failure, central nervous system disor-
ders, brain damage, and severe environmental pollution 
even at low concentration levels. Moreover, Hg(II) can pass 
into the food chain because it possesses a non-biodegrad-
able property. Other heavy metals such as copper (Cu(II)) 
leads to irritation of the nose, eyes, mouth, headache, and 
stomachache when exposed for a long time [12–14].

Different techniques have been mentioned in the litera-
ture [14–17] that can be used to eliminate heavy metals such 
as chemical precipitation, coagulation/flocculation, ion- 
exchange, solvent extraction, electro-chemical operations, 
biological operations, adsorption, evaporation, filtration, 
and membrane processes. The most significant draw-
back of using these techniques is the cost, such as electro- 
chemical operations, evaporation, and membrane processes. 
Moreover, some of them require additional chemicals in 
order to achieve the removal process such as chemical pre-
cipitation, coagulation/flocculation, and solvent extraction. 
But in these methods, subsequent treatment is required 
to remove the used chemicals [18,19]. Meanwhile, other 
methods are highly effective in the presence of a high con-
centration of pollutants, such as filtration, and chemical 
precipitation. Biological operations require special atten-
tion in terms of avoiding the spoiling of the digesting bio-
mass [20]. Most of these defects can be overcome when 
using inexpensive, abundant, efficient ion- exchangers 
or adsorbents having a high affinity for heavy metals. 
Ion-exchange can treat low-medium pollutant concentra-
tions at normal conditions and simple equipment with a 
potential possibility of regeneration or safe disposal [21].

Adsorption is one of the most promising techniques, 
especially when using cheap-abundant and effective 
organic and inorganic adsorbents [22]. Inorganic adsorbents 
such as zeolites, titanate-based materials, carbon-based 
materials, and minerals have high stability in high radiation 
environments and found more appropriate for radioactive 
waste removal when compared with organic adsorbents 
[23]. Interestingly, the adsorption process allows cost- 
effective simple treatment of pollutants using the same 
materials that are used in other sophisticated treatment 
technologies. For example, a research group [24] fabricated 
a kind of MWCNTs-based nanocomposite as an adsorbent 
for the removal of Pb(II) from an aqueous solution, which 
was used as a catalyst in the photocatalytic reduction for 

Cr(VI) removal [25]. In the same way, another group [26] 
replaced electrochemical determination with a simple 
adsorption process using kinds of zirconium dioxide com-
posite for the treatment of pollutants [27].

Ion-exchange is a widely spread technique used to 
treat aqueous streams polluted with different metal ions 
because of its efficiency, selectivity, and easiness [28]. The 
ion- exchange materials are available in various forms and 
structures based on morphology (physical form), origin, 
fixed functional group, and their functions. Therefore, 
the ion-exchange mechanism is commanded by different 
parameters associated with the ion-exchange materials, 
including the type and nature of immobilized functional 
groups, the origin, and the morphology of the ion-exchange 
material. There are two main types of ion-exchange materi-
als. The first type is organic which are exists in anionic and 
cationic forms of synthetic polymers, such as chelating res-
ins, zwitterionic polymers, retardion 11-A-8 resin, amber-
lite IRA 743 resin, Dowex XUS 43594 resin, Purolite S 108 
resin, and Diaion WA 30 resin. The second type is minerallic 
(inorganic) ion- exchangers which are available in cationic 
form only, such as zeolites and bentonite [29]. Inorganic 
ion-exchange materials have been increasingly replaced or 
complemented for conventional organic ion-exchange res-
ins, especially for treating radioactive waste. This is because 
inorganic ion-exchangers have high selectivity and radia-
tion stability for specific radiological species, like strontium 
and cesium [28]. Therefore, zeolites are suitable cationic ion- 
exchangers for the removal of heavy metal ions [29]. Zeolites 
are commonly excellent ion-exchangers that can immedi-
ately exchange the positively-charged metal cations via 
easily exchangeable cations present in their structure [20].

Zeolites are microporous aluminosilicates having a neg-
ative-charged surface because of the presence of Al in their 
framework [30,31]. Zeolites are different types and have a 
wide range of applications such as ion-exchange, catalysis, 
softening, optics, medical and pharmaceutical applications, 
and photochemistry due to their outstanding ion-exchange 
properties, shape-selectivity, and higher surface area [32,33]. 
Since the structure of zeolites consists of alumina and sil-
ica tetrahedrons [34], they can be prepared from different 
raw materials providing Si, Al with the consideration of 
cost and pure final product [35]. Some researchers have 
focused on recycling different types of waste such as rice 
husk [36], aluminum scraps [37], barley husk [38], coal fly 
ash [39], and Phragmites (common water reeds) [40,41]. 
Recycling large amounts of waste containing aluminum by 
transforming it into useful materials has a positive impact 
on human health such as the nervous system and the envi-
ronment. This is because its presence hinders the growth of 
plant roots by influencing the adsorption of nutrients and 
water [37]. X and Y zeolite belong to the Faujasite family 
which has a high cation availability for exchange. However, 
X zeolite demonstrates better ion-exchange performance 
than Y zeolite due to its low Si/Al ratio [42,43].

Using an ion-exchange method to remove heavy metals 
via zeolites requires an additional step to treat the spent 
zeolites. Solidification/Stabilization (S/S) technology has 
been used for treating banned waste before landfilling 
and found effective for the immobilization of heavy metal 
contaminants [44]. To treat hazardous materials, special 
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landfill areas equipped with leaching collecting systems 
are required. The S/S technology can prevent the exposure 
of the environment to hazardous contaminants by encap-
sulating these contaminants to ensure safe landfilling 
based on the high mechanical properties of the used mate-
rials. The low operational cost of S/S is due to the use of 
cheap materials such as cement and limes which make the 
process simpler and feasible [45]. Geopolymers have been 
introduced to S/S as binders such as those used in concrete 
[46]. Fly ash is a by-product of combustion activity that has 
low cost and highly abundant. Fly ash can be used in S/S to 
reduce the cost of S/S and enhance the fixation of contam-
inants [47].

This study focuses on converting aluminum foil waste 
into useful crystalline aluminosilicates for wastewater 
treatment and the solidification of harmful pollutants. NaY 
zeolite and NaX zeolite will be prepared using the conven-
tional hydrothermal treatment of the gel-based recycled 
aluminum foil to obtain a cheap alumina source. Also, this 
work investigates the removal of Cd(II), Cu(II) and Hg(II) 
ions from simulated aqueous solutions containing individ-
ual, binary and ternary metals using ion-exchange by the 
synthesized zeolites. The kinetics of the ion-exchange pro-
cess for the solutions containing binary and ternary met-
als has been studied using pseudo-first-order model and 
pseudo-second-order model. Moreover, the solidification of 
the spent metal-bearing zeolite will be investigated using 
geopolymers made from Cement/fly ash.

2. Experimental work

2.1. Materials

The waste aluminum foils were collected from various 
local places and recycled to prepare sodium aluminate as 
an alumina source. The other materials used for prepar-
ing zeolites were: sodium hydroxide (99.9% wt.) provided 
by Fisher Scientific, LUDOX AS-40 provided by Sigma-
Aldrich, and sodium silicate silica (SiO2:Na2O = 2:1) pro-
vided by Fisher scientific were used as silica source. The 
materials used for ion-exchange experiments were: cop-
per(II) nitrate trihydrate (99% wt.), cadmium(II) nitrate tet-
rahydrate (98% wt.), and mercury(II) nitrate monohydrate 
(98% wt.) were all provided by Sigma-Aldrich to obtain 
metals solutions. Fly ash provided by Cemex 450-S, Portland 
cement (Procem only) provided by Lafarge, and Portland-
Limestone cement provided by Lafarge were used to pre-
pare geopolymers. Sodium chloride (99.5% wt.) provided 
by BDH laboratory and sulfuric acid (96% solution in water) 
provided by ACROS Organics for metal ions leaching study.

2.2. Recycling aluminum foil to obtain alumina source

To prepare the sodium aluminates solution from waste 
material, the collected aluminum foils were first washed 
with tap water followed by distilled water to remove 
oil, dirt, and impurities. The washed aluminum foil was 
then sonicated in acetone media for 10 min, washed with 
deionized water, dried, and kept ready for use. After that, 
100 mL of 10 M NaOH solution was added to a beaker con-
taining the clean aluminum foil. This step was conducted 

inside a fume cupboard to avoid the risk associated 
with the exothermic reaction of the sodium aluminates 
formation as shown in Eq. (1):

2Al + 2NaOH + 2H2O → Al2O3 + Na2O + ↑3H2 (1)

The result of this reaction is a gel-like solution with 
foam which was separated using filter papers to obtain a 
clear gel-like solution for zeolite preparation. To assure 
successful preparation of the target zeolites, the composi-
tion of the sodium aluminates solution must be estimated 
accurately. The composition was obtained by making a 
mass balance on the resulted batch of the sodium alu-
minates solution. The results of mass balance led to that 
sodium aluminates solution contains 17.3% wt. of Al2O3 and 
10.5% wt. of Na2O with a density of 1.6 g/mL.

2.3. Synthesis of NaY zeolite and NaX zeolite

The synthesis gel of NaY zeolite was prepared with 
a molar ratio of 4.63Na2O:Al2O3:9SiO2:174.2H2O accord-
ing to the procedures mentioned in the previous work 
[35] with some modifications. A seeding gel was prepared 
with a molar formula of 11.21Na2O:Al2O3:9SiO2:183.4H2O. 
This gel was statically aged at room temperature. Then 
4 g of seeding gel (containing 8.5% of Al2O3) was added 
to a feedstock gel prepared with a molar formula of 
4.07Na2O:Al2O3:9SiO2:173.4H2O. Mixing time was decently 
increased for each step to assure obtaining a homogenous 
gel. The obtained quantity of gel was crystallized at 100°C 
for 12, 16, 20, and 24 h due to change the alumina source 
(from waste aluminum foil) to investigate which time 
gives a better product. After that, the produced zeolite was 
collected as usual procedures used in the literature [48].

The molar ratio of the synthesis gel used to prepare 
NaX zeolite was 5.6Na2O:Al2O3:4SiO2:260H2O which was 
prepared according to the procedures mentioned in pre-
vious work [49]. Also, the mixing time was slightly pro-
longed due to changing the alumina source and achieving 
a homogenous gel. The produced gel was crystallized at 
100°C for 6, 8, 12, 18, and 24 h after overnight aging and 
continuous mixing. Also, the produced NaX zeolite sam-
ples were collected in the same way used to collect NaY 
zeolite samples.

2.4. Characterization

A Miniflex Rigaku X-ray analytical instrument was 
used to obtain XRD patterns of the zeolite samples. 
The instrument works with a radiation source of CuKα 
(λ  =  1.5418 Å,  voltage  =  30  kV,  and  current  =  30 mA)  and 
the analysis was conducted with 2θ ranging = 5°–50°, a step 
size = 0.03, and a scan speed = 3°min–1. Scanning micros-
copy model FEI Quanta 200 instrument was used to obtain 
SEM images of the samples which have to be coated with 
gold. Also, the same instrument was used to obtain a quan-
titative analysis using EDAX. ImageJ software was used 
based on XRD data to obtain the average crystal size of the 
zeolite samples [50]. Micromeritics ASAP 2020 was used 
to obtain the specific surface area and pore volume using the 
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Brunauer–Emmett–Teller (BET method) through measuring 
the nitrogen adsorption/desorption isotherms at –197°C.

2.5. Ion-exchange experiments

The heavy metal solutions were prepared by dissolv-
ing copper nitrate, cadmium nitrate, and mercury nitrate 
in deionized water. The first set of ion-exchange exper-
iments were conducted for individual ion solution cad-
mium, copper, and mercury solutions at a fixed initial ion 
concentration of 200 ppm, mixing speed (Smix) of 200 rpm, 
room temperature (Troom) but different zeolite doses of 1, 
2, 3, 4, and 5 g/L. Two other sets of experiments were con-
ducted as binary metals solution (Cd + Cu, Cd + Hg, and 
Cu + Hg) and ternary metals solution (Cu + Cd + Hg) at a 
fixed zeolite dosage of 5 g/L, initial ion concentration of 
200 ppm and mixing speed of 200 rpm at room tempera-
ture. For all experiments, the pH of the solutions was mea-
sured at the beginning and end of the experiment time. 
Also, liquid samples were collected at different intervals 
1, 2, 3, 4, and 24 h; and measured for ions concentration. 
Inductively coupled plasma-optical emission spectroscopy 
(ICP-OES) model Vista-MPX was used to obtain the con-
centrations of the remaining ions in the samples collected 
during the ion-exchange. The spent zeolites were filtered, 
dried overnight, and characterized by EDAX.

2.6. Solidification of the spent zeolites

The procedures conducted in this section of the study 
were inspired by other published works [32,51] with few 
modifications. This study was carried out using the spent 
zeolites resulting from the ion-exchange process conducted 
to remove the combination of Cd, Cu, and Hg ions from 
aqueous solutions. As these metal ions have different boil-
ing points that are 766.8°C for Cd, 2,562°C for Cu, and 
356.7°C for Hg; solidification of the spent zeolites using 
geopolymers is an appropriate way to avoid sublimating 
of the metal ions during vitrification. Solidification of the 
materials used to encapsulate the spent zeolites requires an 
activation solution that was prepared by mixing 0.5 mL of 
sodium silicate solution and 2.5 mL of 10 N NaOH solution. 
The cement/activator solution ratio is an important factor 
as it decides the strength of the matrix structures through 
its role in the mixing, freestanding water, and capability 
for immersion test. Therefore, three different cement:fly 
ash mixtures were prepared with different weight ratios 
(3:1, 1:1, and 1:3). These samples were compared with a 
sample prepared from a Portland-limestone cement con-
taining 25% wt. fly ash. The preparation of the spent zeo-
lite-geopolymer samples started with mixing cement and 
fly ash with considering the above ratios. After that, 3 g of 
the geopolymers mixture was mixed with a fixed weight 
of the spent zeolite weighing of 0.125 g until obtaining a 
homogeneous solid mixture. Then, 1.5 mL of the activator 
solution was added to the solid mixture and handy mixed 
until it became a homogeneous paste. This paste was then 
transferred into a mold and solidified in an oven at 70°C 
for 24 h and allowed to cure for 7 d at room temperature. 
The zeolite-geopolymer samples and the spent zeolites 
were examined at extreme salinity and acidic environment 

conditions by immersing them in 25 mL of H2O, 0.1 M 
NaCl, and 0.5 M H2SO4 solutions for 10 d. The leachates 
were analyzed by ICP for any releasing heavy metal.

3. Results and discussion

3.1. Characterization of the synthesized zeolites

3.1.1. X-ray diffraction

The XRD patterns of NaY zeolite samples prepared 
from used aluminum foil as a cheap source of alumina are 
shown in Fig. 1. Analyzing the XRD patterns of the synthe-
sized samples and comparing them with those of the com-
mercial NaY zeolite leads to that aluminum foil can replace 
chemical grads sodium aluminates in the preparation of 
NaY zeolite. However, crystallization time was an import-
ant factor in the synthesis process. An insight look on the 
XRD patterns shows that the samples crystallized for 12 
and 16 h at 100°C had several peaks which are irrelevant to 
the NaY zeolite phase at 12.53°, 17.63°, 21.68°, and 28.01°. 
Whilst, these peaks disappeared when crystallization time 
prolonged to 24 h at 100°C.

Fig. 2 shows the XRD of NaX zeolite prepared from an 
aluminum foil at 100°C and different crystallization time. 
Crystallizing the gel for 6 h produced an amorphous prod-
uct and starting of appearing the main peaks of NaX zeolite 
at  2θ  of  6.2°,  10.16°,  15.6°,  23.48°,  26.48°,  30.56°,  31.1°,  and 
32.24°. The comparison shows appearing several peaks that 
do not belong to NaX zeolite in the samples crystallized 
for 12 and 18 h at 12.44°, 17.69°, 21.71°, and 28.13°. While 
the sample crystallized for 24 h had an identical pattern to 
the pattern of the commercial NaX zeolite.

3.1.2. SEM and EDAX

Fig. 3 shows the SEM images of NaY zeolite sam-
ples prepared from used aluminum foil which will be 
used later to remove the heavy metals via ion-exchange 

 
0 5 10 15 20 25 30 35 40 45 50 55

2θ, Degree

Commercial NaY zeolite

12 h

16 h

24 h

Fig. 1. XRD patterns of NaY zeolite prepared from aluminum 
foil at 100°C.
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method. The images show that both samples crystal-
lized for 12 and 16 h had undefined-form crystals. While 
a fully-crystallized sample was obtained when the gel 
was crystallized for 24 h at 100°C. Also, the SEM images 
revealed that the crystal size increased with increasing the 
crystallization time. These results are in good agreement 
with that obtained by Nouri et al. [52]. The EDAX results 
for a sample synthesized for 24 h at 100°C are shown 
in Fig. 4. The results emphasize that the sample has a Si/
Al ratio of 2.28 and no impurities appeared within the 
NaY zeolite composition when the aluminum foil was 
utilized as a precursor. Also, the crystal properties pre-
sented in Table 1 show that this sample has an average 
crystal size calculated using ImageJ software of 1,566 nm.

SEM images of the synthesized NaX zeolite samples 
are shown in Fig. 5, where the morphology of samples 
crystallized for 12, 18, and 24 h were well-defined octa-
hedral shape crystals. The same results were obtained by 
Zhang et al. [53]. The sample crystallized for 6 h gave a 
mixture of crystals and an amorphous product. Also, the 
images show the development of zeolite crystal size with 

crystallization time. Where the crystal size reduced with 
increasing crystallization time. As confirmed by EDAX 
results shown in Fig. 4, no impurities appeared within the 
chemical composition of the NaX zeolite prepared from an 
aluminum foil at 100°C for 24 h. Also, this sample has a Si/
Al ratio of 1.35 and an average crystal size of 1,596 nm as 
shown in Table 1. Both NaY zeolite and NaX zeolite sam-
ples which were obtained after 24 h of crystallization were 
selected to perform the ion-exchange process.

3.1.3. BET surface area

Table 1 shows that the BET surface area of NaY zeolite 
was 476.248 m2/g and it was 610.236 m2/g for NaX zeolite.

3.2. Removal of ions

The results of ion-exchange experiments conducted to 
remove individual metal ions by NaY zeolite and NaX zeo-
lite were used further to conduct ion-exchange experiments 
to treat solutions containing binary and ternary metal ions. 
Figs. 7 and 8 present these results in term of ion-exchange 
capacity (q) which is represented by Eq. (2) and removal 
efficiency (%R) which is represented by Eq. (3):

q
C C V

W
=

−( ) ×0 eq  (2)

where q (mg/g) is the mass (mg) of metal ion removed per 
mass of zeolite W (g), V is the metal ion solution volume 
(L), C0 and Ceq are the concentrations of the metal ion in 
solution (mg/L) initially and at equilibrium, respectively [4].

% %R
C C
C

t=
−

×0

0

100  (3)

where Ct is the concentrations of the metal ion in solution 
(mg/L) at any interval during the experiment time [54].

Fig. 6 shows the ion-exchange results obtained when 
NaY zeolite was used to remove Cd(II), Cu(II) and Hg(II) 
ions individually from their solutions. The results show that 
NaY zeolite has a stronger affinity toward Cd(II) and Cu(II) 
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Fig. 2. XRD patterns of NaX zeolite prepared from aluminum 
foil at 100°C.

 
Fig. 3. SEM images of NaY zeolite prepared from aluminum foil at 100°C. The scale bar is 10 µm.
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ions than Hg(II) ion, thus NaY zeolite ion-exchange capac-
ity was higher for Cd(II) and Cu(II) ions compared to Hg(II) 
ion (Fig. 6a). This sequence was reflected in the removal 
efficiency of Cd(II) and Cu(II) ions which was higher than 
of Hg(II) ion as illustrated in Fig. 6b. Therefore, the selec-
tivity of NaY zeolite for the studied heavy metals was in 
the following order: Cd(II) > Cu(II) > Hg(II). Ahmed et al. 
[55] found that the exchange efficiency of Na-Y was in the 
order Pb2+ > Cd2+ > Cu2+ > Zn2+ > Ni2+.

Table 1
Crystal properties of NaY zeolite and NaX zeolite prepared from 
aluminum foil, crystallized at 100°C for 24 h

Zeolite type Si/Al Average crystal 
size (nm)

BET surface 
area (m2/g)

NaY zeolite 2.28 1,566 476.248
NaX zeolite 1.35 1,596 610.236

 
Fig. 4. EDAX results of the zeolites prepared from aluminum foil, crystallized at 100°C for 24 h.

Fig. 5. SEM images of NaX zeolite prepared from aluminum foil at 100°C. The scale bar is 10 µm.
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NaX zeolite showed similar behavior as NaY zeo-
lite toward the removal of Cd(II), Cu(II) and Hg(II) ions 
from their solutions by ion-exchange as indicated in 
Fig. 7. In spite of the sensitivity of NaX zeolite structure 
toward the acidic solutions due to its low Si/Al ratio, it 
gave higher ion-exchange capacity than NaY zeolite as 
shown in Fig. 7a. These results were confirmed by the pH 
readings of the solutions recorded at the end of the ion- 
exchange as shown in Table 2. High pH values at the end of 
the ion-exchange process using NaX zeolites indicated the 
high ion-exchange rate leading to form sodium hydroxide. 
Also, Ibrahim et al. [1], found that the selectivity sequence 
of A and X zeolite was Pb2+ > Cd2+ > Cu2+ > Zn2+ > Ni2+.

The charge, ionic radii, and consequently hydrated 
radii of the exchanging ions play a dominant role in the 
ion-exchange process [56]. Where, the ionic radii of Cd(II) 
is 0.97 Å, Cu(II)  is 0.72 Å [57] and Hg(II)  is 0.69 Å [58,59]. 
For the same electronic charge, the larger the ionic radii 
(the smaller hydrated radii) greater the tendency for 
adsorption or exchange [56,60]. This fact reflects that Hg(II) 

with a small ionic radius has a powerful propensity to stay 
in a solution, therefore it is weakly exchanged or adsorbed 
on the surface of the zeolite. Unlike, Cd(II) and Cu(II) 
that showed a strong tendency for ion-exchange and thus 
higher removal efficiency was obtained. Furthermore, the 
overview given by Figs. 6 and 7 is that the ion-exchange 
capacity of both NaY zeolite and NaX zeolite reduced with 
increasing zeolite dose. This can be explained by the math-
ematical relation between zeolite amounts and capacity 
value illustrated in Eq. (2). This Eq. (2) indicates an inverse 
relationship between the zeolite dosage and the capacity 
value even though the large difference between the initial 
and remaining concentrations obtained at this dose.

Table 2 displays the pH of the solutions containing 
individual, binary, and ternary metal ions before and 
after ion-exchange with NaY zeolite and NaX zeolite. It 
is worth noting that the solutions of the three individual 
metals were initially acidic. But, the solutions became more 
acidic when they contained more than one metal ions, espe-
cially when one of those metals were mercury (Hg(II)). 

Table 2
pH of the solutions containing individual, binary and ternary metal ions of Cd(II), Cu(II) and Hg(II) with C0 = 200 ppm before and 
after ion-exchange with NaY zeolite and NaX zeolite

Heavy metal 
present

Initial 
pH

pH of the metal solutions after 24 h of ion-exchange

NaY zeolite NaX zeolite

1 g/L 2 g/L 3 g/L 4 g/L 5 g/L 1 g/L 2 g/L 3 g/L 4 g/L 5 g/L

Cd 5.19 6.12 7.01 7.31 7.44 7.60 6.12 6.86 7.12 7.25 7.64
Cu 4.12 5.20 5.48 6.01 6.38 6.54 5.49 6.62 7.40 7.70 7.57
Hg 3.15 6.23 6.67 6.75 6.82 6.88 6.58 7.11 7.13 7.30 7.59
Cd + Cu 4.97 – – – – 6.02 – – – – 6.43
Cd + Hg 3.13 – – – – 6.26 – – – – 6.88
Cu + Hg 3.07 – – – – 5.58 – – – – 6.87
Cd + Cu + Hg 3.11 – – – – 5.08 – – – – 6.26
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Fig. 6. (a) Ion-exchange capacity of NaY zeolite used to remove 
individual metal ions and (b) removal efficiency of the removed 
metal ions. C0 = 200 ppm, V = 1 L, Troom, Smix = 200 rpm, and teq = 4 h.
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Since, the pH of all solutions containing Hg(II) ions did not 
raised above 3.15. The results presented in Table 2 shows 
that the pH of the solutions significantly raised at the end 
of the ion-exchange time due to occurring ion-exchange 
between the heavy metal ions and the cations (Na+) that 
occupy the zeolite framework.

The results showing the behavior of the synthesized 
NaY zeolite and NaX zeolite in the ion-exchange pro-
cess to treat solutions containing binary and ternary 
metal ions are displayed in Figs. 8 and 9, respectively. For 
solutions containing binary metals, the metals showed 
the same selectivity order toward both zeolites which 
is Cd(II) > Cu(II) > Hg(II). When NaY zeolite was used 
to remove Cd(II) and Cu(II) from solutions containing 
binary and ternary metals, NaY zeolite showed convergent 
removal efficiency for these metal ions (see Fig. 8a and d). 
But when NaX zeolite was used for a solution containing 
ternary metals, the order varied as Cu(II) > Cd(II) > Hg(II) 
(Fig. 9d). These results are supported by the EDAX results 
presented in Tables 3 and 4 of the spent NaY and NaX 
zeolites for ion-exchange with Cd(II), Cu(II) and Hg(II) 
ions. Also, the results of EDAX that show the appearance 
of peaks of Cd(II), Cu(II) and Hg(II) within the elemental 
analysis of the spent NaY and NaX zeolites are displayed in 
Figs. 10 and 11, respectively. These results clearly show that 
the percentage of Cd(II) was very close to the percentage 
of Cu(II) ions present in NaY zeolite and NaX zeolite used 
for solutions containing both metals as well from solutions 
containing ternary metals. In the same context, the percent-
age of Hg(II) ions present within the spent zeolites was 
obviously lower than the percentage of Cd(II) and Cu(II) 
ions when they present in binary or ternary solutions.

A comparison made based on the zeolite type shows 
that the %R of the metals was higher for NaX zeolite than 
NaY. This can be attributed to the structural properties of 
NaX such as lower Si/Al ratio (which provides high cat-
ions concentration to exchange) and larger surface area.

The reading of solution pH presented in Table 2 show 
that the pH of the binary and ternary metals solutions 
did not raise as much as raised in the case of solutions 
containing individual metals. This can be attributed to the 
competition among the different metal ions on the same 
dose of zeolites that reduced the ion-exchange rate and less 
sodium hydroxide formed.

3.3. Kinetics models

Studying the ion-exchange kinetics leads to a good 
understanding of the rate of the process and provided 
information for the process design [61]. The kinetics of the 
removal of metal ions from binary and ternary solutions 
was studied using the pseudo-first-order (Lagergren equa-
tion) given by Eq. (4) and pseudo-second-order models 
given by Eq. (5) [62]:

dq
dt

k q qt
e t= −( )1  (4)

dq
dt

k q qt
e t= −( )2

2
�  (5)

These equations were solved by integration and substi-
tuting the boundary conditions of t = 0 to t = t, and qt = 0 to 
qt = qt. The experimental data were applied in the linearized 
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Fig. 8. Removal efficiency of the removed metal ions by NaY zeolite from solutions containing binary and ternary metal ions. 
C0 = 200 ppm, W = 5 g, V = 1 L, Troom, and mixing speed = 200 rpm. 



S.M. Al-Jubouri et al. / Desalination and Water Treatment 231 (2021) 166–181174

form of the integrated equations given by Eq. (6) (for the 
first-order) and Eq. (7) (for the second-order) to investigate 
the ion-exchange kinetics [61].

log
.

q q q
k

te t e−( ) = −






log 1

2 303
 (6)

t
q k q

t
qt e e

=
⋅

+
1

2
2

 (7)

The first-order rate constant (k1 s–1), second-order rate 
constant (k2 g/mg s), and qe were estimated according to 

intercepts and slopes of the linear plots shown in Figs. 12 
and 13 and summarized in Tables 5 and 6. The results pre-
sented in these figures and table show that the pseudo- 
first-order model did not confirm the experimental 
results with much varied computed values of qe. Also, 
the kinetics model results show that the results of ion-ex-
change of the studied metal ions were best adapted to 
the pseudo- second-order model. This is because the 
pseudo- second-order model gave higher correlation coef-
ficients (R2 = 0.9675–1) and close estimated values of qe 
to the experimental values. These findings elucidate that 
the mechanism of ion-exchange by both NaY zeolite and 
NaX zeolite with binary and ternary metals solutions is 
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Fig. 9. Removal efficiency of the removed metal ions by NaX zeolite from solutions containing binary and ternary metal ions. 
C0 = 200 ppm, W = 5 g, V = 1 L, Troom, and mixing speed = 200 rpm.

Table 3
EDAX results of NaY zeolite before and after ion-exchange with Cd(II), Cu(II) and Hg(II) ions in the form of weight percent of each 
element

Element NaY zeolite 
before ion- 
exchange

NaY zeolite after ion-exchange for heavy metals removal

Cd ion 
removal

Cu ion 
removal

Hg ion 
removal

Cd, Cu ion 
removal

Cd, Hg ion 
removal

Cu, Hg ion 
removal

Cd, Cu, Hg 
ion removal

O 43.76% 42.23% 44.25% 41.94% 48.10% 46.58% 46.58% 46%
Na 7.73% 6.01% 5.24% 7.70% 3.76% 6.56% 3.91% 2.88%
Al 14.78% 14.46% 14.38% 15.14% 12.90% 14.17% 13.46% 13.15%
Si 33.73% 28.94% 28.35% 32.10% 27.74% 28.52% 29.70% 28.67%
Cd – 8.94% – – 3.63% 3.66% – 4.32%
Cu – – 7.78% – 3.87% – 5.36% 4.43%
Hg – – – 3.11% – 0.51% 0.89% 0.56%
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Table 4
EDAX results of NaX zeolite before and after ion-exchange with Cd(II), Cu(II) and Hg(II) ions in the form of weight percent of each 
element

Element NaX zeolite before 
ion-exchange

NaX zeolite after ion-exchange for heavy metals removal

Cd ion 
removal

Cu ion 
removal

Hg ion 
removal

Cd and Cu 
ion removal

Cd and Hg 
ion removal

Cu and Hg 
ion removal

Cd, Cu and Hg 
ion removal

O 45.45% 39.14% 44.53% 46.63% 45.81% 40.87% 44.25% 42%
Na 9.83% 7.57% 7.63% 8.25% 5.77% 8.35% 6.88% 4.57%
Al 19.06% 16.87% 17.85% 16.67% 16% 16.96% 17.81% 17.1%
Si 25.67% 27.13% 23.89% 26.11% 23.89% 27.67% 24.26% 24.47%
Cd – 9.3% – – 4.15% 4.98% – 5.25%
Cu – – 6.12% – 4.36% – 5.18% 5.46%
Hg – – – 2.33% – 1.16% 1.58% 1.15%

 
Fig. 10. EDAX results of NaY zeolite after ion-exchange with solutions containing individual, binary, and ternary metal ions.

Table 5
The parameters of the pseudo-first-order model of ion-exchange by NaY zeolite and NaX zeolite with binary and ternary metals 
solutions

Kinetic 
parameters

Metal ions

Cd in 
Cd/Hg

Hg in 
Cd/Hg

Cu in 
Cu/Hg

Hg in 
Cu/Hg

Cd in 
Cd/Cu

Cu in 
Cd/Cu

Cd in Cd/
Cu/Hg

Cu in Cd/
Cu/Hg

Hg in Cd/
Cu/Hg

NaY 
zeolite

k1 (s–1) 0.056 0.041 0.051 0.040 0.038 0.041 0.049 0.035 0.035
qe-Model (mg/g) 104.689 46.750 81.115 29.349 50.246 62.503 90.033 38.045 35.925
qe-Experimental (mg/g) 22.285 14.616 21.155 13.752 22.003 22.580 18.079 18.817 10.441

NaX 
zeolite

k1 (s–1) 0.045 0.123 0.057 0.040 0.057 0.050 0.045 0.038 0.025
qe-Model (mg/g) 71.713 8013.090 121.899 58.103 194.715 126.853 85.487 62.345 19.498
qe-Experimental (mg/g) 22.656 16.639 22.207 14.497 24.781 22.827 18.919 20.807 11.910
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controlled by chemisorption. Since the chemical reaction of 
metal ions with the ion-exchange sites is the rate-limiting 
step, the ion-exchange kinetics of metal ions are compatible 
with the postulation of the pseudo-second- order model as 
confirmed by the findings of [7,63]. Moreover, the close 
values of k2 for both Cd(II) ions and Cu(II) ions pres-
ent together in the binary and ternary metal solutions 
are the reason behind obtaining close %R values of both 
metals using NaY zeolite and NaX zeolite and obtaining 
close ion-exchange capacities.

3.4. Solidification

Tables 7 and 8 display the concentration of the studied 
heavy metals that leached from the spent NaY zeolite and 
NaX zeolite respectively after 10 d of immersion in H2O, 
0.1 N NaCl solution, and 0.5 M H2SO4 solution. Where the 
concentration released to water is considerably less than the 

concentration released to the salty and acidic solution. This 
is because NaCl provided appropriate cations for another 
ion-exchange process causing the capturing of Na cation by 
zeolites and releasing the hosted metal ions. The results of 
all solidified samples immersed in H2O show the low leach-
ing of metal ions to water during the test time. The concen-
tration of metal ions leached was: 0.003–0.0045 ppm for 
Cd(II) ions, 0.001–0.0022 ppm for Cu(II) ions, and 0.00048–
0.0021 ppm for Hg(II) ions. Whilst, the concentration of metal 
ions leached to 0.1 M NaCl solution was: 0.392–0.591 ppm 
for Cd(II) ions, 0.212–0.503 ppm for Cu(II) ions, and 
0.163–0.542 ppm for Hg(II) ions.

Also, the acidic media decomposes the structure of the 
low Si/Al zeolites that bearing the removed heavy metals 
through leaching of Al species from the zeolite structure. 
Due to the high sensitivity of zeolite to acidic conditions, 
the stability of the solidified metals-bearing zeolites was 
examined by immersing them in a 0.5 M H2SO4 solution 

Fig. 11. EDAX results of NaX zeolite after ion-exchange with solutions containing individual, binary, and ternary metal ions.

Table 6
The parameters of the pseudo-second-order model of ion-exchange by NaY zeolite and NaX zeolite with binary and ternary metals 
solutions

Kinetic 
parameters

Metal ions solution

Cd in 
Cd/Hg

Hg in 
Cd/Hg

Cu in 
Cu/Hg

Hg in 
Cu/Hg

Cd in 
Cd/Cu

Cu in 
Cd/Cu

Cd in Cd/
Cu/Hg

Cu in Cd/
Cu/Hg

Hg in Cd/
Cu/Hg

NaY zeolite k2 (s–1) 0.0157 0.0024 0.0128 0.0178 0.0080 0.0086 0.0078 0.0085 0.0047
qe-Model (mg/g) 22.321 14.663 21.231 13.793 22.624 21.978 18.149 18.904 10.650
qe-Experimental (mg/g) 22.285 14.616 21.155 13.752 22.003 22.580 18.079 18.817 10.441

NaX zeolite k2 (s–1) 0.0087 0.0055 0.010 0.0046 0.0056 0.0059 0.0054 0.0051 0.0068
qe-Model (mg/g) 22.831 16.949 22.422 14.771 25 22.883 19.084 20.877 11.891
qe-Experimental (mg/g) 22.656 16.639 22.207 14.497 24.781 22.827 18.919 20.807 11.910
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for 10 d. Tables 9 and 10 display the obtained results for 
different cement: fly ash ratios. Less concentration of metal 
ions leached to the H2SO4 solution when the geopolymer 
was prepared with a ratio of 1 cement: 3 fly ash which 
can be attributed to the fly ash nature of forming more 
sticky consistency. Geopolymerization succeeded in reduc-
ing the concentration of leached metal ions to the acidic 
medium (H2SO4 solution) by about 98%. However, more 

intensive work is required in this frame of work to reduce 
the concentration of metals leached from the solidified 
zeolites. This is because the concentration of the leached 
metal ions to salty and acidic mediums did not meet the 
requirement of the United States Environmental Protective 
Agency (EPA) in 2009. Where, this requirement identified 
0.005 ppm for Cd(II), 1.3 ppm for Cu(II) and 0.002 ppm for 
Hg(II) as allowable concentrations in drinking water [56].
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Fig. 13. Linear plots of the kinetic models of ion-exchange by NaX zeolite with binary and ternary metals solutions.
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4. Conclusions

The outcomes of this work show that aluminum foil 
can be successfully used as an inexpensive alumina source 
to prepare pure phase NaY zeolite and NaX zeolite by 
a  conventional  hydrothermal  method  at  100⁰C  for  24  h. 
Both prepared zeolites confirmed their ability for remov-
ing a combination of heavy metals with different ionic 
radii and boiling points, whereas NaX zeolite gave higher 
ion-exchange capacity than NaY zeolite. However, the 
order of the selectivity sequence of the studied metal ions 
varied according to the zeolite type and the number of met-
als present in the solution being treated. The ion- exchange 
results highly adapted to the pseudo-second-order kinetic 
model with R2 = 0.96–1 which confirms the ion-exchange 
process was controlled by the chemisorption. Also, geo-
polymers made of 1 cement:3 fly ash ratio successfully 
diminished the leachate concentration in the acidic solution 
to an acceptable level.
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