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a b s t r a c t
The removal of Pb2+, Cd2+, and Hg2+, which act as endocrine disruptors, from aqueous solutions was 
performed using a NaP1-type zeolite synthesized from a hazardous aluminum waste. The effects of 
parameters such as pH, contact time, adsorbent dose, initial cation concentration, and coexisting cations 
on the adsorption efficiency and capacity of the adsorbent were evaluated. Single-cation adsorption 
was found to be a fast process well described by the pseudo-second-order kinetic model. Equilibrium 
was reached in the first 15 min achieving high removal efficiencies: 98.9%, 93.3%, and 99.3% for Pb2+, 
Cd2+, and Hg2+, respectively. The removal of the metal cations could occur via a homogeneous and 
physical adsorption process that was satisfactorily described by the Sips isotherm. The maximum 
adsorption capacities, obtained from the Sips isotherm model, were 245.75, 4.43, and 0.22 mg/g for 
Pb2+, Cd2+, and Hg2+, respectively. In multi-cation adsorption, the zeolite presented the greatest affinity 
for Pb2+ (due to its smallest cationic size) compared with Cd2+ and Hg2+. The Pb2+ removal efficiency 
remained practically constant in presence of Hg2+ and Cd2+, reaching efficiencies near 100% at very low 
contact times (<5 min). Thus, this zeolite could become an alternative adsorbent to eliminate heavy 
metals from waters. A synergic effect on the environmental protection could be achieved: the end-of-
waste condition of a hazardous waste as well as the water decontamination.
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1. Introduction

Great efforts are being made to achieve the prevention 
and reduction of environmental concerns, such as water 
pollution, associated with the rapid global industrialization. 
Water pollution represents a threat to the aquatic organisms 
and to the health of human beings. Adequate identification 
and appropriate management are essential to control anthro-
pogenic emissions of contaminants into waters. Among the 
most common pollutants present in aquatic media, heavy 
metals such as mercury, lead, and cadmium are considered 

endocrine disruptors due to their bioaccumulation in organ-
isms causing serious health disorders, among others in 
the endocrine, nervous, and immune systems. Mercury is 
released principally from different activities, such as bat-
tery, thermometer and chlor-alkali production, paint and 
color industry, coal combustion, and waste incineration [1,2]. 
Anthropogenic sources such as gasoline and water distri-
bution systems such as lead-containing pipes contribute to 
the release of lead [1]. Cadmium is released to industrial 
effluents from the steel electroplating and nickel–cadmium 
batteries manufacture [3]. The Directive 2013/39/EU concern-
ing the priority substances in the field of water establishes 
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maximum allowable concentrations in inland surface waters 
of 0.07, 14, and 0.45–1.5 mg/L for mercury, lead, and cadmium 
(depending on the hardness of the water) [4].

Developing more cost-effective wastewater treatment 
techniques by using low-cost sorbents and/or easily 
handled materials contributes to the environmental 
sustainability. Various technologies, such as filtration, 
electrochemical treatment, chemical precipitation, 
adsorption, ion-exchange, etc., have been developed for 
treatment of heavy metal-containing wastewaters. Although 
chemical precipitation is widely used, it usually requires 
large amounts of chemicals leading to secondary sludge 
production that needs to be treated, thus increasing process 
costs and environmental impacts [5]. On the contrary, 
adsorption represents a simple, efficient, and relatively 
economic technique for the removal of different pollutants 
from waters. It offers a very versatile design and allows for 
the use of a wide range of sorbents such as zeolites.

Zeolites are porous crystalline solids composed 
of tetrahedral TO4 units (T = Si, Al, Ge, etc.) forming a 
three-dimensional framework with cages, channels, and 
cavities. These materials, formed in nature or synthetically 
obtained from diverse sources, are widely employed for the 
removal of numerous substances from aqueous media due to 
their excellent porosity and cation-exchange capacity (CEC).

In the last few decades, the use of waste-based sorbents for 
the removal of heavy metals from aqueous solutions has been 
widely investigated. For example, Apiratikul and Pavasant 
[6] studied the removal of Cu2+, Cd2+, and Pb2+ from aqueous 
solutions at pH 5 by using zeolite X from fly ash with a CEC 
of ~1.4 meq/g. Asencios and Sun-Kou [7] prepared scrap-
based alumina to eliminate Pb2+, Zn2+, and Cd2+ from aqueous 
solutions at pH 3–5 reaching adsorption capacities of 13.1, 
7.4, and 8.2 mg/g, respectively. Zhou et al. [8] investigated the 
adsorption of Pb2+ and Zn2+ using a biosorbent extracted from 
waste activate sludge. These authors reported high experi-
mental adsorption capacities (451 and 267 mg/g for Pb2+ and 
Zn2+, respectively) at pH 6 and 25°C after 30 min.

The investigation on other type of waste-based materi-
als could lead to alternative sorbents. For example, industrial 
waste from aluminum metallurgy, due to their chemical and 
mineralogical composition, could be used to obtain zeolites 
with appropriate sorption properties.

In this sense, a hazardous aluminum waste (hereinafter, 
Al-waste) was recently used for the synthesis of high-CEC 
zeolites, which could be used as sorbents. This Al-waste 
is derived from aluminum slag milling processes, and it 
is considered as hazardous, especially, in contact with 
humidity due to its environmental risks [9,10]. The use of 
Al-waste in the synthesis of zeolites can contribute to min-
imize the waste generation [9,11], according to the end-of-
waste criteria [12].

Zeolites such as NaP1 (Na6Al6Si10O32·12H2O) obtained 
from this Al-waste presented high CEC values ranged 
between 2.25 and 2.73 meq/g [9,11] compared with other 
zeolites reported in the literature [13–16]. NaP1 consists of 
a three-dimensional channel system with pore sizes ranged 
between 4.5 × 3.1 and 4.8 × 2.8 Å (according to the International 
Zeolite Association, IZA). This zeolite has two important 
characteristics: a good molecular sieve and a high CEC that 
make it a good candidate for the wastewater treatment.

To the best of our knowledge, there are no earlier works 
focusing on the removal of heavy metals using NaP1 obtained 
from Al-waste (hereinafter, Al-waste-NaP1). This work deals 
with the feasibility of using Al-waste-NaP1 for the treatment 
of aqueous solutions containing Pb2+, Cd2+, and Hg2+. The 
effects of parameters, including pH, adsorbent dose, con-
tact time, initial cation concentration, and coexisting cations 
in the solution medium were evaluated. Different kinetic 
and isotherm models were applied to study the behavior of 
Al-waste-NaP1 during adsorption. In addition, its morpho-
logical, structural, and chemical properties were analyzed 
before and after the competitive adsorption of Pb2+, Cd2+, and 
Hg2+ to better understand the studied adsorption system.

2. Materials and methods

2.1. Adsorbent

The zeolite used in this work was synthesized from a haz-
ardous aluminum waste (Al-waste) at 120°C for 6 h by a sus-
tainable synthesis process according to our previous study 
[11]. It allows the complete transformation of Al-waste into a 
NaP1-type zeolite (Al-waste-NaP1).

2.2. Adsorbates

All chemicals used for the adsorption tests were analyti-
cal reagents of high purity. Aqueous solutions containing the 
cations were prepared with deionized water with a resistiv-
ity of 18.2 MΩ·cm. A stock solution (1,000 mg/L) of the Pb2+ 
cation was prepared by dissolving the required amount of 
pure lead metal (99.9% purity, Merck) firstly in HNO3 and 
then in ultrapure water. A stock solution (1,000 mg/L) of the 
Cd2+ cation was prepared by dissolving a cadmium chloride 
salt (99.995% purity, Sigma-Aldrich) in ultrapure water con-
taining 4%–5% HNO3 (69%, Panreac). A commercial standard 
solution (Hg 1000 mg/L in 2%–5% HNO3, Panreac) was used 
to perform the adsorption experiments of the Hg2+ cation. To 
avoid the precipitation of the metal cations, in particular Pb2+, 
which tends to form PbCl2 in contact with HCl, the pH values 
required for the adsorption experiments were adjusted by 
adding dilute NaOH (98%–100.5% purity, Panreac) or HNO3 
(69%, Panreac) aqueous solutions.

2.3. Adsorption procedure

Batch experiments of Pb2+, Cd2+, and Hg2+ adsorption were 
carried out at room temperature (25°C ± 2°C). The required 
amounts of zeolite were placed in 150 mL Erlenmeyer flasks 
containing 100 mL of metal cation solution and stirred at 
125 rpm using an orbital and horizontal shaker (Selecta, 
Rotabit). The influence of adsorption parameters, such as 
pH, contact time, adsorbent dose, and initial concentration, 
on the removal of each metal cation (single adsorption) was 
evaluated. For the competitive adsorption experiments, the 
effect of the coexisting metal cations on the removal ability of 
the zeolite was also studied.

2.3.1. Effect of pH

In order to determine the optimal operating conditions 
for the adsorption process, the effect of pH on the metal 
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cations and on the adsorbent was studied. The speciation 
of lead, cadmium, and mercury in aqueous medium was 
evaluated using fixed initial concentrations (20 mg/L for 
Pb2+ and Cd2+, and 0.2 mg/L for Hg2+) in a pH range of 2–12. 
The influence of pH on the crystalline and morphological 
properties of the zeolite was studied. For this, a fixed zeolite 
mass (5 g) was placing in contact with a fixed aqueous solu-
tion volume (250 mL) at different pH values. Unlike the Pb2+ 
and Cd2+ cations, the Hg2+ cation is more strongly influenced 
by the solution pH. Therefore, the effect of pH on the Hg2+ 
adsorption was evaluated at pH 2–6 using an initial Hg2+ 
concentration of 0.2 mg/L and an adsorbent dose of 10 g/L 
to select the best conditions. Further adsorption tests for all 
the metal cations were performed under the pH selected as 
optimal.

2.3.2. Effect of contact time

The effect of the contact time on the adsorption efficiency 
of Al-waste-NaP1 was evaluated from 1 to 120 min using the 
initial concentrations studied (20 mg/L for Pb2+ and for Cd2+, 
and 0.2 mg/L for Hg2+) and the optimal adsorbent dose for 
each cation at pH 4.5. The adsorption kinetics of all the cat-
ions were also evaluated applying the pseudo-first [17] and 
pseudo-second-order [18] models, as well as the intra-particle 
diffusion model [19].

Unlike the pseudo-second and pseudo-first-order kinetic 
models, the intra-particle diffusion model can provide infor-
mation about the reaction pathways and adsorption mech-
anisms, predicting the rate-controlling step. The internal 
surface and pore diffusion of an adsorbate inside an adsor-
bent may represent the rate-limiting steps. When this model 
represents a straight line that passes through the origin, the 
adsorption process is mainly governed by intra-particle dif-
fusion; on the contrary, a multi-step adsorption process is 
given by multiple linear regions [20].

2.3.3. Effect of adsorbent dose

The effect of the zeolite dose (0.125–10 g/L) on the 
removal efficiency and adsorption capacity was studied 
using fixed initial concentrations (20 mg/L for Pb2+ and Cd2+, 
and 0.2 mg/L for Hg2+) at pH 4.5 for 30 min to ensure suffi-
cient equilibrium time.

2.3.4. Effect of initial concentration

The adsorption equilibrium experiments were developed 
at pH 4.5, using the optimal adsorbent dose and contact time: 
0.5 g/L and 30 min for Pb2+, 5 g/L and 30 min for Cd2+, and 
5 g/L and 60 min for Hg2+. The effect of the initial concen-
tration of each metal cation on the adsorption ability of the 
adsorbent was evaluated using the following isotherm mod-
els: Langmuir [21], Freundlich [22], Dubinin–Radushkevich 
[23], Redlich–Peterson [24], Toth [25], and Sips [26], which 
are widely used for the removal of different pollutants from 
water.

The isotherms were evaluated for different initial concen-
trations of the metal cations: 5–100 mg/L for Pb2+, 1–40 mg/L 
for Cd2+, and 0.02–1.5 mg/L for Hg2+.

2.3.5. Effect of competitive adsorption of Pb2+, Cd2+, and Hg2+

The competitive adsorption of Pb2+, Cd2+, and Hg2+ on the 
zeolite was studied in the adsorbent dose range of 2–10 g/L 
at pH 4.5, for contact times ranged from 1 to 30 min under 
ambient conditions (25 ± 2°C).

Table 1 summarizes all conditions studied in the 
single- and multi-cation adsorption experiments using 
Al-waste-NaP1.

After reaching adsorption equilibrium, all the solutions 
were collected by filtration. The adsorption tests were per-
formed in duplicate, representing the error bars and average 
values. The removal efficiency of the zeolite (expressed in 
%) and the amounts of Pb2+, Cd2+, and Hg2+ adsorbed on the 
zeolite at any time (qt, expressed in mg/g) and at equilibrium 
(qe, in mg/g) were calculated according to the next equations:

Removal %( ) = −







×

C C
C

to

o

100 � (1)

q
C C
m

Vt
t =

−( )
×o � (2)

q
C

m
Ve

t=
−( )

×
Co � (3)

where Co (mg/L) is the initial concentration of metal cation, Ct 
and Ce (mg/L) are the cation concentrations at contact time t 

Table 1
Conditions studied in the single- and multi-cation adsorption 
experiments using Al-waste-NaP1

Conditions pH Adsorbent 
dose (g/L)

Time 
(min)

Initial concen-
tration (mg/L)

Lead (Pb2+) adsorption

Contact time 4.5 0.5 1–120 20
Adsorbent dose 0.125–1 30 20
Initial 
concentration

0.5 30 5–100

Cadmium (Cd2+) adsorption
Contact time 4.5 5 1–120 20
Adsorbent dose 1–10 30 20
Initial 
concentration

5 30 1–40

Mercury (Hg2+) adsorption
pH 2–6 10 1–120 0.2
Contact time 4.5 5 1–120 0.2
Adsorbent dose 1–10 30 0.2
Initial 
concentration

5 60 0.02–1.5

Multi-cation adsorption: Pb2+, Cd2+, and Hg2+

Conditions 4.5 2 and 10 1–30 20 (for Pb2+ and 
Cd2+); 0.2  
(for Hg2+)
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and at equilibrium, respectively, m (g) is the mass of zeolite, 
and V (L) the volume of metal cation solution.

2.4. Kinetic and isotherm modeling

A non-linear optimization method using Microsoft Excel 
Solver was applied for the evaluation of the goodness of fit 
of the different models. All the parameters and constants of 
the studied kinetic and isotherm models were determined by 
maximizing the coefficient of determination (R2):
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where n is the number of experimental values in a data-
set, and qi,exp and qi,model are the experimental and calculated 
adsorption capacities.

2.5. Characterization techniques

Zeta potential (z-potential) was determined by the elec-
trophoretic mobility of zeolite particles in aqueous solutions 
at different pH (ZetaSizer Nano, Malvern). The samples were 
prepared using 0.05 g of zeolite per 100 mL of aqueous solu-
tion. Zeolite suspensions were stirred in an ultrasonic bath and 
kept in contact for a long time (24 h) to achieve equilibrium 
conditions before the z-potential measurements. Absolute 
z-potential values > 20 mV indicate electrically stable suspen-
sions [27,28]. Point of zero charge (PZC) analysis was deter-
mined by preparing zeolite aqueous suspensions adjusted at 
different pH values using dilute HNO3 or NaOH. The sus-
pensions were agitated for 24 h until the equilibrium pH was 
reached. Mineralogical composition of the zeolite was evalu-
ated by X-ray diffraction (XRD) (Bruker, D8 Advance) using 
the ICDD PDF reference pattern database. Crystallite sizes of 
the zeolite in contact with aqueous solutions at different pH 
were determined using the Scherrer [29] equation. The mor-
phological characterization of the zeolite after the multi-cation 
removal was performed using scanning electron microscope 
(SEM), in a Hitachi S4800 microscope. The immobilization of 
all the metal cations on the adsorbent was characterized using 
Fourier-transform infrared (FTIR) spectroscopy (Bruker IFS 
66Vs). Additionally, energy dispersive micro X-ray fluores-
cence (m-XRF) analysis (Fischer, Fischerscope XUV 773) was 
performed to compare the initial chemical composition of the 
zeolite with that one after the multi-cation adsorption.

The variation of the concentrations of the Pb2+ and Cd2+ 
cations was determined by using ICP-OES (Perkin Elmer, 
Optima 3300 DV). The concentration of the Hg2+ cation was 
obtained using cold vapor atomic absorption spectrometry 
(PS Analytical, 10.025 Millennium Merlin) at wavelength 
of 235 nm. The variation of the solution pH was controlled 
using a pH meter (Crison, MM41). The chemical equilibrium 
diagrams of Pb2+, Cd2+, and Hg2+ in aqueous solution were 
obtained using the software MEDUSA (Make Equilibrium 
Diagrams Using Sophisticated Algorithms) for the following 
initial concentrations: 20 ppm for Pb2+, 20 ppm for Cd2+, and 
0.2 ppm for Hg2+.

3. Results and discussion

3.1. Textural and surface characterization of the zeolite

The main textural properties, type of isotherm, pore size 
distribution, and CEC of the zeolite are shown in Table S1 
and Fig. S1. The zeolite shows a high CEC although the value 
of its BET-specific surface area is low. This value was almost 
identical to the external area because of its mesoporosity. 
The characterization of the zeolite surface was analyzed by 
determining its z-potential and PZC (Fig. S2). The z-potential, 
which is related to the external surface charge of the zeolite 
[30], revealed that it is positively charged at pH 3–5 and neg-
atively charged above pH ~6. The point where the z-potential 
is zero, called the isoelectric point (IEP), represents the point 
where the system is least stable. The IEP of the zeolite was 
reached at approximately pH 5.8. Although the reviewed lit-
erature reports many zeolites with IEP obtained at lower pH 
conditions [31], there are some exceptions including IEP values 
close to our results. For example, Arancibia-Miranda et al. [32] 
reported a similar z-potential curve which reached the IEP at 
pH = 6, for a natural zeolite that exhibited good affinity for the 
uptake of heavy metals such as Pb2+ at pH 3–6. The surface 
charge of zeolites could depend on their Si/Al ratio. Previous 
works have stated that zeolites with high Al-content (i.e., Si/Al 
ratios < 2) can present IEP values at neutral pH conditions [30]. 
This behavior could be associated to materials with particle 
surfaces dominated mainly by aluminol groups. Compounds 
such as aluminas show similar behavior, presenting positive 
z-potential values at acid conditions (e.g., z-potential close to 30 
mV at pH ~4.5, according to [33]). The PZC of Al-waste-NaP1 
was reached at approximately pH 10.0. The PZC is associated 
with the total surface charge (i.e., the external and internal sur-
face charge) and indicates that the surface charge density of 
the zeolite is zero at pH 10.0. As the difference between PZC 
and IEP is higher than one (i.e., pHPZC–pHIEP > 1), the external 
surface of Al-waste-NaP1 could be more negatively charged 
than the internal one [34].

3.2. Effect of pH

Among all the influencing parameters, pH can affect the 
solubility and speciation of metal ions, and it can also affect 
the properties of sorbent materials [35]. Several works in the 
literature have shown that the pH plays a key role, affecting 
the sorption of diverse contaminants such as heavy metals 
by different sorbents, including zeolites [15,32,36,37]. In this 
work, the effect of pH on the concentration of the studied 
metal cations, referred to their initial concentration (20 mg/L 
for Pb2+ and Cd2+, and 0.2 mg/L for Hg2+), was evaluated, as 
shown Fig. 1(a). As the pH increased up to pH 8 for Pb2+ and 
Hg2+, and up to pH 10 for Cd2+ approximately, the stability 
of the cations in the aqueous solution decreased due to their 
hydrolysis. The chemical equilibrium diagrams of the Pb2+, 
Cd2+, and Hg2+ cations in aqueous solution were determined 
for the same initial concentrations (Fig. S3). The Pb2+ cation 
is stable in aqueous medium until pH ~6, partially hydrolyz-
ing to form PbOH+ and Pb(OH)2 as pH increases. The Cd2+ 
cation is very stable up to around pH 9. As the basicity of 
the aqueous medium increases, the formation of cadmium 
species such as CdOH+, Cd(OH)2, and Cd(OH)3

– is favored. 
On the contrary, the Hg2+ cation is stable in very acid medium 
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(until pH ~4). An increase of the pH leads to the hydrolysis 
of mercury to form HgOH+ and subsequently Hg(OH)2, coex-
isting these mercury species at pH < 6. Thus, the formation 
of soluble and/or precipitated species of each metal strongly 
depends on the solution pH used to remove them.

As the removal of Hg2+ is highly dependent on the solu-
tion pH, the effect of this parameter was studied in a pH 
range of 2–6 (Fig. 1(b)) to select the optimal pH conditions 
for the single- and multi-cation uptake. The removal ability 
of Al-waste-NaP1 was found to be practically unchanged at 
higher pH than 2, in particular at pH ranged between 4 and 
6. The adsorption efficiency of the zeolite decreased at low 
pH. It can be associated to the potential competition between 
the H+ and Hg2+ ions at acid pH. The higher affinity of H+ 
toward the active sites of adsorption under low pH condi-
tions during removal processes of different heavy metals has 
also been reported [38,39]. Additionally, the lower adsorp-
tion ability of Al-waste-NaP1 at acid pH could be related to 
the loss of active sites because of the partial dissolution of the 
zeolite. The influence of the pH on the crystallinity of the zeo-
lite was also evaluated to select the most adequate conditions 
for the removal of all the heavy metals. It should be noted 
that the Al-waste-NaP1 zeolite presents a pH = 10 ± 0.5 when 
put in contact with aqueous solutions (due to its alkaline 
character derived from the zeolite synthesis process [11]). 
It was considered that acid pH could favor the adsorption 
of the metal cations. Fig. S4 compares the XRD patterns of 

the initial zeolite (Sample a) as well as those of the zeolite 
when it was put in contact with acid aqueous solutions for 
at least 1 h at pH 4 (Sample b), and pH 6 (Sample c). The 
results revealed that all samples exhibited well-defined 
XRD profiles showing the same zeolite phase typical of the 
NaP1 zeolite (reference file: ICDD PDF 01-071-0962). NaP1 
zeolite is based on the gismondine-type framework and has 
a tetragonal crystal system. The most intense 301 reflection 
of Al-waste-NaP1 was centered at 28.07° (full width at half 
maximum, FWHM = 0.297°) for the Sample a, which showed 
a crystallite size of 24.8 nm. The variation of the solution pH 
seems to slightly modify the peak parameters and crystallite 
sizes of Al-waste-NaP1. Although the samples b and c also 
showed the 301 reflection centered at 28.08°, slight changes 
in the value of FWHM (0.368° and 0.341°) were found, lead-
ing to slightly smaller crystallite sizes (22.27 and 24.03 nm for 
samples b and c, respectively).

The mass of the zeolite remained unchanged for the pH 
range of 4–6. On the contrary, pH < 4 led to significant zeo-
lite mass losses, between 48% and 86% for pH 3 and pH 2, 
respectively, as a consequence of the partial dissolution and 
dealumination of the zeolite [40]. Therefore, the solution pH 
should be controlled and kept constant in order to adequately 
evaluate the removal of the heavy metals by Al-waste-NaP1. 
Thus, the further removal experiments of the metal cations 
by Al-waste-NaP1 were performed at a fixed pH 4.5 to avoid 
zeolite mass losses caused by dissolution and dealumination 
and also to avoid the precipitation of the metal cations.

3.3. Effect of contact time: adsorption kinetics

The single-cation adsorption as a function of the contact 
time is shown in Fig. 2(a). As can be seen, the removal of each 
metal cation by Al-waste-NaP1 followed a very similar trend. 
The removal of Pb2+, Cd2+, and Hg2+ was a very fast process; 
the equilibrium was reached in less than 30 min, leading to 
high adsorption efficiencies (98.9%, 93.3%, and 99.3% for 
Pb2+, Cd2+, and Hg2+, respectively, in 15 min). These results 
were related to the fast diffusion of the metal cations from the 
solution to the interface and to the zeolite structure which is 
accessible to the cations via its tridimensional channel sys-
tem. The experiments were controlled up to 24 h in order to 
ensure no significant changes in the adsorption system. A 
contact time of 30 min was established as sufficient to achieve 
equilibrium conditions for all cations, leading to the following 
experimental removal capacities (qt): 41.6, 3.8, and 0.045 mg/g 
for Pb2+, Cd2+, and Hg2+, respectively. Figs. 2(b)–(d) depicts 
the pseudo-first-order and pseudo-second-order models for 
the removal of Pb2+, Cd2+, and Hg2+ by Al-waste-NaP1. The 
obtained kinetic parameters for each model are shown in 
Table 2. The results indicated that the pseudo-second-order 
model provided a significantly better correlation with the 
experimental data for the adsorption of all metal cations. 
Several studies also found that the pseudo-second-order 
model tends to describe satisfactorily the removal of diverse 
metals using sorbents from both chemicals and waste-based 
sources [41–43].

The Pb2+, Cd2+, and Hg2+ uptake by Al-waste-NaP1 was 
also evaluated by applying the intra-particle diffusion model 
(Table S2 and Fig. S5) in order to determine the rate-limiting 
steps of the adsorption. As the trendlines of the representation 

Fig. 1. (a) Effect of the solution pH on the stability of Pb2+, Cd2+, 
and Hg2+ in aqueous medium at 25°C ± 2. C/Co: final concentra-
tion referred to the initial cation concentration (20 mg/L for Pb2+ 
and Cd2+, and 0.2 mg/L for Hg2+). (b) Influence of the solution pH 
on the removal efficiency of Hg2+ by Al-waste-NaP1. Conditions: 
zeolite dose = 10 g/L; Co = 0.2 mg/L; T = 25 ± 2°C.
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plots did not pass through the origin, it means that the 
intra-particle diffusion was not the only rate-controlling step 
[20]. Thus, the overall adsorption process could be explained 
by a combination of fast bulk transport followed by film and 
intra-particle diffusion.

3.4. Effect of adsorbent dose

The influence of the solid–liquid ratio (i.e., ratio of zeo-
lite mass referred to solution volume) or adsorbent dose for 
each metal cation was studied. Fig. 3 shows the effect of the 
adsorbent dose on the Pb2+, Cd2+, and Hg2+ adsorption effi-
ciency and capacity of the zeolite. The metal cations adsorp-
tion efficiency increased along with the solid–liquid ratio or 
dose. In this sense, an increase in the mass of zeolite leads to 
an increase of the active sites on the adsorbent surface, thus 
favoring the adsorption process. Thus, Pb2+, Cd2+, and Hg2+ 
would diffuse from the aqueous solution toward the surface 
of Al-waste-NaP1, tending to occupy the available adsorp-
tion sites. The increase of adsorbent dose, involving larger 
amounts of zeolite available for the adsorbates, led to the 
decrease in the adsorption capacity of the metal cations. The 
elimination of the Pb2+ cation (Fig. 3(a)) involved the smallest 
doses of the zeolite, ranged between 0.125 and 1 g/L, com-
pared with the Cd2+ and Hg2+ uptake (Figs. 3(b) and (c)) under 
the tested operating conditions. The results indicated that the 
adsorption ability of Al-waste-NaP1 seems to remain practi-
cally constant from an intermediate amount of zeolite, partic-
ularly for the Pb2+ and Cd2+ cations. Thus, an adsorbent dose 
of 0.5 g/L was fixed for the further Pb2+ removal experiments, 

while doses of 5 g/L were selected for both the Cd2+ and Hg2+ 
uptake.

3.5. Effect of initial adsorbate concentration: equilibrium 
isotherms

The effect of the initial concentration of each metal cat-
ion on the adsorption capacity of Al-waste-NaP1 was eval-
uated applying the best conditions. The two-parameter and 
three-parameter isotherms and their derived parameters for 
each metal cation are shown in Fig. 4 and Table 3.

The amount of Pb2+, Cd2+, and Hg2+ removed by the zeo-
lite increased progressively as the initial concentration of 
each heavy metal increased. The experimental data were 

Fig. 2. Effect of the (a) contact time and pseudo-first-order and pseudo-second-order models for the single-cation adsorption of (b) 
Pb2+, (c) Cd2+, and (d) Hg2+ onto Al-waste-NaP1. Conditions: pH = 4.5; adsorbent dose = 5 g/L for Cd2+ and Hg2+, and 0.5 g/L for Pb2+; 
Co = 20 mg/L for Pb2+ and Cd2+, and 0.2 mg/L for Hg2+; T = 25 ± 2°C.

Table 2
Kinetic model parameters and error function values calculated 
for the single adsorption of the Pb2+, Cd2+, and Hg2+ cations onto 
Al-waste-NaP1

Kinetic model Parameters Pb2+ Cd2+ Hg2+

Pseudo-first order qt,model (mg/g) 41.10 3.72 0.0445

q q et e
k t= −( )1 1 k1 (1/min) 1.77 2.61 0.96

R2 0.819 0.668 0.568
Pseudo-second order qt,model (mg/g) 42.09 3.76 0.0446

q
k q t
k q tt
e

e

=
+
2

2

21

k2 (g/mg min) 0.10 2.86 0.38
R2 0.988 0.964 0.945

Experimental data qt,experimental (mg/g) 42.27 3.79 0.0446
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better described by the isotherm models based on three 
parameters. In particular, the Sips and Toth models pro-
vided the highest R2 values. The experimental maximum 
removal capacity of the zeolite was 183, 4.37, and 0.23 mg/g 
for Pb2+, Cd2+, and Hg2+, respectively. The maximum adsorp-
tion capacities obtained from the Sips isotherm model were 
245.75, 4.43, and 0.22 mg/g for Pb2+, Cd2+, and Hg2+, respec-
tively. The Langmuir isotherm was the only two-parameter 
model that provided a good fit to the data in the whole range 
of initial concentrations. The nature of the adsorption pro-
cess can be described through the Langmuir separation fac-

tor (R
k CL
L o

=
+
1

1
1), indicating if the adsorption is irreversible 

(RL = 0), favorable (0 < RL < 1), or unfavorable (RL > 1) [44]. 

The experimental data led to RL ranged 0.93–0.99, 0.96–0.99, 
and 0.84–0.99 for Pb2+, Cd2+, and Hg2+, respectively. So, the 
removal of the metal cations using Al-waste-NaP1 could be 
explained by homogeneous adsorption on the active sites of 
the zeolite. In addition, the estimation of the sorption energy 
(1.9, 2.3, and 0.5 kJ/mol for Pb2+, Cd2+, and Hg2+, respectively) 
using the Dubinin–Radushkevich model, revealed values 
of E < 8 kJ/mol, indicating that the metal cations uptake by 
Al-waste-NaP1 could take place by physical adsorption [6].

3.6. Competitive adsorption

The study of multi-cation adsorption allows for the assess-
ment of the degree of interference of other metal cations pres-
ent in the adsorption process. In this sense, the competitive 

Fig. 3. Effect of the zeolite dose on the single-cation adsorption 
efficiency and uptake capacity of (a) Pb2+, (b) Cd2+, and (c) Hg2+ 
onto Al-waste-NaP1. Conditions: pH = 4.5; contact time = 30 min; 
Co = 20 mg/L for Pb2+ and Cd2+, and 0.2 mg/L for Hg2+; T = 25 ± 2°C.

Fig. 4. Isotherms for the removal of (a) Pb2+, (b) Cd2+, and (c) Hg2+ 
on Al-waste-NaP1. Conditions: pH = 4.5; contact time = 15 min; 
adsorbent dose = 5 g/L for Cd2+ and Hg2+, and 0.5 g/L for Pb2+; 
T = 25 ± 2°C.
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adsorption was evaluated using zeolite doses of 2 and 10 g/L 
at different contact times (ranged between 1 and 30 min), 
as shown in Table 4 and Fig. 5. It seems that Al-waste-NaP1 
presented a greater affinity for Pb2+ compared with Cd2+ and 
Hg2+. The multi-component removal efficiency of Pb2+ on the 
zeolite remained practically unchanged in presence of Hg2+ 
and Cd2+ under the studied conditions. High removal effi-
ciencies of Pb2+ (almost 100 %) were reached both at very low 
contact times (1 min) and at longer times (i.e., 30 min), as can 
be seen in Fig. 5. In all the studied cases, the residual con-
centration of Pb2+ from both the single solution and the cat-
ions mixture was remarkably low (in both cases lower than 
0.02 mg/L). The Cd2+ and Hg2+ removal efficiencies, which 
were lower than that obtained for Pb2+, greatly increased in 
proportion to the zeolite dose. To evaluate the removal of 
Cd2+ and Hg2+ on the zeolite, the initial concentration of Pb2+ 
was varied (0–20 mg/L) using the best adsorption conditions 
(i.e., zeolite dose = 10 g/L; contact time = 30 min). In absence 
of Pb2+ in the solution medium, the elimination of such metal 
cations led to removal efficiencies ranged between 80% and 
90 %. As the initial concentration of Pb2+ was increased, the 
Cd2+ and Hg2+ removal efficiencies were decreased due to the 
competition of the cations. From the results, the selectivity 
of Al-waste-NaP1 seems to follow the next sequence: Pb2+ > 
Hg2+ ~ Cd2+, which is quite similar to that reported for heavy 
metals removal on natural zeolites [45]. Structurally, the zeo-
lite presents eight-ring pore apertures, large enough for the 
accessibility of the metal cations through its channel system. 

The hydrated radii of the studied metal cations are 0.401, 
0.422, and 0.426 nm for Pb2+, Hg2+, and Cd2+, respectively. So, 
the highest affinity of the zeolite for Pb2+ could be attributed 
to its smallest size that allows it to diffuse more easily to the 
zeolite surface.

Table 3
Isotherm models: parameters and error function values obtained for the removal of the Pb2+, Cd2+, and Hg2+ cations onto Al-waste-
NaP1

Isotherm Parameters Pb2+ Cd2+ Hg2+

Two-parameter isotherm model
Langmuir qmax (mg/g) 198.18 5.08 0.24

q
q k C
k Ce
L e

L e

=
+
max

1
kL (L/mg) 0.78 1.11 1.47 × 10–4

R2 0.967 0.819 0.954

Freundlich kF (mg/g)/(mg/L)n 82.15 2.52 50.19
q k Ce F e= n n 0.35 0.25 0.33

R2 0.950 0.680 0.870
Dubinin–Radushkevich qmax (mg/g) 158.55 4.53 0.22

q q ee DR
kDR= − ε2 kDR (mol2/kJ2) 1.36 × 10–7 9.23 × 10–8 2.37 × 10–6

R2 0.926 0.792 0.958
Three-parameter isotherm model
Sips qmax (mg/g) 245.75 4.43 0.22

q
q k C

k C
e

S e

n

S e

n=
( )

+ ( )
max

1

kS (L/mg) 0.41 1.62 2.23 × 10–4

n 0.70 2.81 1.83
R2 0.975 0.997 0.966

Toth qmax (mg/g) 233.13 4.41 0.22

q
q k C

k C
e

T e

T e

n n=
+ ( )





max
/

1
1

kT (L/mg) 0.76 0.74 0.11
n 0.75 6.97 3.0
R2 0.977 0.986 0.965

Redlich–Peterson kRP (L/g) 211.29 6.01 30.93

q
k C
a Ce
RP e

RP e

=
+1 β

aRP (mg/L)–β 1.41 1.27 9.09 × 10–5

β 0.89 0.97 1.08
R2 0.971 0.810 0.957

Table 4
Competitive adsorption of Pb2+, Cd2+, and Hg2+ on Al-waste-NaP1 
using different zeolite doses and contact times

Cation Adsorbent 
dose (g/L)

Contact 
time (min)

qt,experimental 
(mg/g)

Removal 
(%)

Pb2+ 2 5 10.47 98.8
30 10.57 99.7

10 5 2.15 99.9
30 2.15 99.9

Cd2+ 2 5 2.15 20.3
30 3.53 33.3

10 5 1.83 85.1
30 1.88 87.4

Hg2+ 2 5 0.042 42.2
30 0.043 43.2

10 5 0.018 86.0
30 0.019 86.9

Conditions: pH = 4.5; Co = 20 mg/L for Pb2+ and Cd2+, and 0.2 mg/L for 
Hg2+; T = 25 ± 2°C.
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3.7. Removal mechanism

For a better understanding of the adsorption mecha-
nism between the adsorbent and metal cations, SEM, FTIR, 
and m-XRF analysis were developed to study the morpho-
logical, structural, and chemical properties of the zeolite 
before and after the competitive adsorption. After the Pb2+, 
Cd2+, and Hg2+ removal, Al-waste-NaP1 exhibited the typ-
ical morphology of the initial zeolite [11] that remained 
unchanged (Fig. 6). Thus, the adsorption process of Pb2+, 

Cd2+, and Hg2+ at a pH 4.5 seems not to modify the zeolite 
structure. In addition, no precipitation of the studied heavy 
metals on the zeolite surface was observed in the SEM anal-
ysis. The comparison between the FTIR spectra of the initial 
zeolite with that obtained after the uptake of all the metal 
cations is shown in Fig. 7. Before the adsorption, the results 
show the typical absorption bands of the initial zeolite [11]. 

Fig. 5. Influence of the contact time on the multi-cation 
adsorption using Al-waste-NaP1. Conditions: pH = 4.5; adsorbent 
dose = 10 g/L; Co = 20 mg/L for Pb2+ and Cd2+, and 0.2 mg/L for 
Hg2+; T = 25 ± 2°C.

Fig. 6. SEM images of the Al-waste-NaP1 zeolite (a,b) before and (c,d) after the multi-cation removal of Pb2+, Cd2+, and Hg2+ from 
aqueous solutions.

Fig. 7. FTIR spectra of Al-waste-NaP1 (a) before and (b) after the 
multi-cation adsorption of Pb2+, Cd2+, and Hg2+.
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The Pb2+, Cd2+, and Hg2+ adsorption seems to lead to very 
similar absorption bands to the characteristic vibration 
modes occurring in the initial zeolite. However, a slightly 
displacement of the bands associated to the T-O-T (T-atom: 
Si, Al) asymmetric (1,003 cm–1) and symmetric (678 cm–1) 
stretching modes of the initial zeolite was observed. After 
the adsorption, these absorption bands were shifted to 1,017 
and 686 cm–1, which is attributed to the uptake of the studied 
cations on Al-waste-NaP1. The reviewed literature reports 
changes in absorption bands that can be related to sorption 
processes of different contaminants from waters. For exam-
ple, Mozgawa et al. [46] reported slight modifications in the 
intensity of absorption bands, around 650–715 cm–1, of nat-
ural zeolites after the sorption of heavy metals. Zhu et al. 
[37] found shifts of bands to higher wave numbers that can 
be related to the coordination of metal cations with active 
groups on the sorbent. According to the Lewis acid–base 
theory, metal cations such as Pb2+, Cd2+, and Hg2+ could act 
as Lewis acids, while the active sites of the zeolite (mainly 
OH–) could be considered as Lewis bases. Thus, the metal 
cations could react with OH– on the zeolite surface by bond-
ing to one or more available electron pairs on the base. To 
further understand the uptake of the Pb2+, Cd2+, and Hg2+ on 
Al-waste-NaP1, m-XRF analysis was also performed to evalu-
ate possible changes in the chemical composition of the zeo-
lite before and after the multi-cation adsorption. The chemi-
cal composition (expressed as % wt.) of Al-waste-NaP1 after 
adsorption, compared with the initial zeolite, are shown in 
Table 5. Thus, the main chemical composition of Al-waste-
NaP1 was as follows: SiO2 55.16 wt.%, Al2O3 26.74 wt.%, 
Na2O 7.62 wt.%, and ca 10 wt.% corresponding to small 
amounts of CaO, TiO2, K2O, Fe2O3, and MgO. As can be 
seen, both lead and cadmium were detected in the chemical 
composition of Al-waste-NaP1 after adsorption, confirming 
their immobilization on the zeolite. Mercury identification 
was not possible, as its residual concentration was below the 
detection limit of the XRF technique. This is probably due 
to its lower initial concentration used for adsorption tests. 
The amount of Na+ present in the initial zeolite decreased as 
the heavy metals adsorption process progressed. This seems 

to indicate that the adsorption process could involve cat-
ion exchange between the extra-framework cations on the 
zeolite (mainly Na+) and Pb2+, Cd2+, and Hg2+ through the 
mechanism represented in Fig. S6. These results are in accor-
dance with those obtained by Meng et al. [47]. The authors 
studied the removal of cations including heavy metals such 
as Ag+, Pb2+, etc. onto a zeolite A from halloysite, reporting 
higher concentrations of Na+ in the aqueous solution after 
adsorption.

3.8. Comparison of the maximum adsorption capacity of Pb2+, 
Cd2+, and Hg2+ using different sorbent materials

Table 6 shows some sorbents used for the removal of 
the studied heavy metals from aqueous solutions compared 
with Al-waste-NaP1. The reviewed literature includes differ-
ent sorbent materials (natural zeolites, clays, glasses, resins, 
nanocomposites, etc.) with different adsorption capacities, 
depending on the different experimental conditions studied 
(pH, temperature, adsorbent dose, contact time, cation initial 
concentration, etc.). As can be observed the adsorption capac-
ity for Pb2+ of the Al-waste-NaP1 zeolite studied in this work 
is higher than those reported for the same cation, reaching it 
in a very short contact time.

4. Conclusions

The removal of Pb2+, Cd2+, and Hg2+ from synthetic 
aqueous solutions using an NaP1 zeolite synthesized from 
a hazardous aluminum waste was evaluated. The influence 
of the contact time on the single-cation removal followed a 
very similar trend for all the metal cations, reaching adsorp-
tion equilibrium in less than 30 min. The single-cation 
adsorption achieved high removal efficiencies: 98.9, 93.3, 
and 99.3% for Pb2+, Cd2+, and Hg2+, respectively, in the first 
15 min of the process. The pseudo-second-order kinetic 
model provided better correlation with the experimental 
data for all the adsorbates. The experimental data were 
best described by the Sips and Toth models. The experi-
mental maximum removal capacity of the zeolite was 183, 
4.37, and 0.23 mg/g for Pb2+, Cd2+, and Hg2+, respectively. 
The maximum adsorption capacities obtained from the Sips 
isotherm model were 245.75, 4.43, and 0.22 mg/g for Pb2+, 
Cd2+, and Hg2+, respectively. The removal of the metal cat-
ions could take place through a homogeneous and physi-
cal adsorption process. The studied zeolite presented the 
greatest affinity for Pb2+ compared with Cd2+ and Hg2+. The 
multi-cation removal efficiency of Pb2+ remained practically 
unchanged in presence of Hg2+ and Cd2+, reaching high 
removal efficiencies (almost 100%) both at very low contact 
times (1 min) and at longer times (30 min). The competitive 
adsorption followed a cation exchange mechanism between 
the extra-framework cations (mainly Na+) and the Pb2+, 
Cd2+, and Hg2+ cations.

Accordingly, this work implies a synergic effect on the 
environmental protection: firstly, the transformation of the 
hazardous aluminum waste into a zeolite can contribute to 
its end-of-waste condition, and secondly, the zeolite obtained 
from such waste can be considered as a promising adsorbent 
used for the treatment of aqueous effluents contaminated by 
endocrine disruptors.

Table 5
Chemical composition (determined by m-XRF) of Al-waste-NaP1 
before and after the competitive adsorption of Pb2+, Cd2+, and 
Hg2+

Element Before adsorption, % wt. After adsorption, % wt.

SiO2 55.16 57.16
Al2O3 26.74 27.17
Na2O 7.62 3.75
CaO 2.88 2.75
TiO2 2.77 3.01
K2O 2.02 2.23
Fe2O3 1.18 1.15
MgO 0.96 0.55
ZnO 0.41 0.49
CuO 0.26 0.29
PbO – 0.86
CdO – 0.61
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Supplementary

Fig. S1. Nitrogen adsorption/desorption isotherm (Type IV) and 
pore size distribution of Al-waste-NaP1.

Fig. S2. z-potential and PZC of Al-waste-NaP1 in aqueous 
solution at 25°C.

Fig. S3. Chemical equilibrium diagrams of Pb2+, Cd2+, and Hg2+ in 
aqueous solution determined for the following initial concentra-
tions: 20 mg/L for Pb2+ and Cd2+, and 0.2 mg/L for Hg2+.

Fig. S4. Comparison of the XRD patterns of the zeolite at 
different pH values: (a) initial sample of zeolite (Al-waste-NaP1) 
at pH 10 ± 0.5; (b) samples of zeolite in aqueous solutions at pH 4, 
and (c) at pH 6. In all the cases, NaP1-type zeolite was identified 
according to the reference file: ICDD PDF 01-071-0962.
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Fig. S5. Intra-particle diffusion models of the adsorption of (a) 
Pb2+, (b) Cd2+, and (c) Hg2+ onto Al-waste-NaP1. Conditions: pH = 
4.5; adsorbent dose = 5 g/L for Cd2+ and Hg2+, and 0.5 g/L for Pb2+; 
Co = 20 mg/L for Pb2+ and Cd2+, and 0.2 mg/L for Hg2+; T = 25 ± 2°C.

Fig. S6. Adsorption mechanism based on cation exchange 
between the extra-framework cations (Na+) of the Al-waste-NaP1 
zeolite and the heavy metal cations (Pb2+, Cd2+, and Hg2+, repre-
sented as Me2+).

Table S1
Cation exchange capacity (CEC) and textural properties of 
Al-waste-NaP1

CEC 
(meq/g)

SBET
a 

(m2/g)
SEXT

b 

(m2/g)
Vtotal

c 

(cm3/g)
Vmicro

d 

(cm3/g)
Vmeso

e 

(cm3/g)
Dp

f 

(nm)
2.4 15.17 14.43 0.04559 0.00038 0.04521 12.16

aBET-specific surface area was obtained from N2 adsorption isotherm 
in the relative pressure range of 0.003–0.3.
bExternal area was calculated from the t-plot method.
cTotal pore volume was estimated for the N2 amount adsorbed at the 
relative pressure of 0.99.
dMicropore volume was calculated from the t-plot method.
eMesopore volume was calculated as the difference between Vtotal and 
Vmicro.
fAverage pore diameter was estimated, assuming cylindrical pore 
shape, from the next equation: Dp = 4V/SBET.

Table S2
Parameters obtained from the intra-particle diffusion 
model applied to the adsorption of Pb2+, Cd2+, and 
Hg2+usingAl-waste-NaP1

Cation Step Intra-particle diffusion model
qt = kpt0.5 + C
kp (mg/g min0.5) C (mg/g) R2

Pb2+ 1 5.18 29.43 0.99
2 1.11 37.60 0.99
3 0.046 41.38 0.73

Cd2+ 1 0.160 3.31 0.98
2 0.015 3.67 0.99
3 0.004 3.74 0.93

Hg2+ 1 1.78·10–4 4.38·10–2 0.99
2 3.30·10–5 4.43·10–2 0.94


