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a b s t r a c t
Pollution of water bodies from improper disposal of toxic metal contaminated effluents causes sev-
eral problems for the environment. Several processes can be used to remove these metal ions from 
aqueous media, and the adsorption being the most efficient technique. In this process, a diversity of 
adsorbent materials is used, with the use of zeolite 4A emphasized in this study. This study aimed 
to evaluate the efficiency of zeolite 4A as an adsorbent material for the removal of Cu2+, Cd2+, Pb2+, 
and Zn2+ from aqueous media. For this, zeolite 4A was synthesized by the hydrothermal route start-
ing from two sources of precursors, one from standard reagents (ZA-P) and the other from coal fly 
ash (ZA), a residue from a thermoelectric industry plant in the state of Ceará (Brazil). Both materi-
als were characterized by X-ray diffraction, scanning electron microscopy, Fourier-transform infra-
red spectroscopy, and cation exchange capacity techniques. The materials were subjected to batch 
adsorption tests with multi-element synthetic solutions of Pb2+, Cu2+, Zn2+, and Cd2+. The parameters 
investigated in the adsorption experiments were the dosage effect, contact time, and adsorption equi-
librium. Flame atomic absorption spectroscopy was used for metal ion quantitation. The character-
ization results showed that both ZA-P and ZA yielded mainly the crystalline phase of zeolite 4A. 
In the dosage test, a weight of 100 mg promoted the best results for both ZA-P and ZA, with ZA 
achieving superior removal results. Pb2+ was more efficiently removed at 95% for ZA and 93% for 
ZA-P. In addition, at the time of contact, it was observed that ZA reached equilibrium faster (10 min) 
than ZA-P (50 min). In the adsorption equilibrium, the Langmuir model was able to describe almost 
all results, only the Zn2+ for ZA was modeled by the Freundlich isotherm. The affinity of metal 
ions for materials followed the order (Pb2+ > Cd2+ > Zn2 > Cu2+) for ZA-P and (Pb2+ > Cd2+ > Cu2+ > Zn2+) 
for ZA. Finally, it is concluded that both products have potential for application as metal adsor-
bents of Cu2+, Cd2+, Pb2+, and Zn2+ in aqueous solutions and that coal fly ash can be recycled  
to obtain zeolite.
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1. Introduction

Several toxic metals are constantly released into the 
environment as industrial waste, causing serious soil and 
water pollution [1]. Industrialization in developing coun-
tries has caused environmental degradation due to the 
release of heavy metals and other pollutants into the ecosys-
tem [2]. Industries such as battery building, electroplating, 
paper, textiles, civil construction, etc., discharge effluents 
containing toxic metals in aquatic ecosystems [3]. These 
toxic metals are non-biodegradable, toxic, and cause many 
problems for human health. Major contaminants are chro-
mium (Cr4+), lead (Pb2+), mercury (Hg2+), nickel (Ni3+), cop-
per (Cu2+), zinc (Zn2+), and cadmium (Cd2+) [1,3,4]. Ingestion 
of toxic metals generates serious problems for human 
health, such as vomiting, nausea, anaemia, disorders of the 
central nervous system, stomach cramps, skin irritations, 
convulsions, cancer, etc. [4,5]. Therefore, there is a strong 
need to remove these toxic metals from industrial effluents 
for the protection of the ecosystem, human, and aquatic 
life. There are numerous processes that have been devel-
oped for the removal of dissolved toxic metals, including 
ion exchange, precipitation, phytoextraction, ultrafiltration, 
reverse osmosis, electrodialysis, separation membranes, 
and adsorption [6–11]. The adsorption process is econom-
ical, simple in practical operation, ecologically friendly 
and of high efficacy compared with other methods, such as 
chemical precipitation, ultrafiltration, membrane filtration, 
and coagulation [5,12,13]. The use of low-cost alternative 
materials as adsorbents for the removal of toxic metals is 
widely researched. Zeolite as one of these is an attractive 
adsorbent material because of its unique characteristics: 
ion exchange capacity, affinity for toxic metals, and proven 
chemical and mechanical stability [14–16].

Zeolites are microporous structures of aluminium sil-
icates with three-dimensional corner-sharing network 
tetrahedrons [TO4], where T usually represents silicon or alu-
minium [15]. The structure composed of purely [SiO4] units 
is neutral, however, when Al is an isomorph substitute for 
Si, the structure becomes negatively charged, compensated 
by extra structural cations (sodium, potassium, or calcium), 
leading to its cation exchange capacity. Currently, more than 
220 different types of zeolite structures are known, and the 
Si/Al ratio can be adjusted, significantly affecting the char-
acteristics of the material, including cation exchange capac-
ity. Type A zeolite with composition and topology LTA 
[Na12

+(H2O)27]8[Al12Si12O48]8, has the lowest Si/Al ratio of 1:1 
and exhibits exceptionally high cation exchange capacity 
and adsorbent performance [17,18].

Zeolites can be synthesized by different methods, among 
which hydrothermal synthesis stands out and consists of 
the addition of precursors based on Si and Al to a miner-
alizing agent, usually hydroxides of alkaline metals. After 
mixing the precursors with the mineralizing agent solu-
tion, a synthesis gel is formed that, when heated and under 
the appropriate conditions, promotes the crystallization 
of zeolite in the desired structure [15,18,19].

Coal fly ash is formed by the combustion of coal in ther-
moelectric plants as a residual product [20–23]. The current 
annual production of coal fly ash worldwide is estimated 
at about 780 million tons [23,24]. Efficient elimination of 

charcoal fly ash is a global issue due to its massive volume 
and harmful effects on the environment [22,23,25].

The conversion of fly ash into zeolites is one of the pos-
sible alternatives for the recycling of this waste because it 
contains high levels of silica and alumina which are the 
fundamental basis of zeolites [26–30].

Therefore, the efficiency of the application of stan-
dard zeolite, and zeolite synthesized from coal fly ash in 
the removal of Pb2+, Cu2+, Zn2+, and Cd2+ from an aqueous 
medium was evaluated and compared in this work. Studies 
were conducted to verify the influence of dosage and con-
tact time on the materials. In addition, an equilibrium study 
was conducted to evaluate the mechanism of the process 
of adsorption.

2. Materials and methods

2.1. Reagents

The inorganic reagents were provided by dynamics 
as analytical grade reagents. The metal ions studied were 
Pb(II), Cu(II), Zn(II), and Cd(II). The synthetic solutions of 
copper, cadmium, lead, and zinc were prepared using their 
respective nitrate salts, Cu(NO3)2·3H2O, Cd(NO3)2·4H2O, 
Pb(NO3)2, and Zn(NO3)2·6H2O in acetate buffer (CH3COOH/
CH3COONa) solution (pH = 5.0).

2.2. Zeolite 4A synthesis

A hydrothermal synthetic route with two different alu-
minium and silicon sources was used to obtain zeolite 4A. 
One material was synthesized from standard reagents, 
named ZA-P and the other material from coal fly ash, named 
ZA. The molar composition of the zeolite 4A reaction mix-
ture is known (3,165 Na2O: Al2O3: 1,926 SiO2: 128 H2O) [31].

In the first case, zeolite ZA-P was synthesized based 
on the methodology described in verified syntheses of zeo-
litic materials [32]. Initially, 13.5 g of sodium metasilicate 
(Na2SiO3) and 7.22 g of sodium aluminate (NaAlO2) were 
solubilized separately in 35 mL of sodium hydroxide solu-
tion (4.35 mol·L–1 for each salt). The Na2SiO3 solution was 
added to the NaAlO2 solution, leading to the formation 
of a white colored mixture. This mixture was placed in a 
stainless-steel autoclave with an internal Teflon coating 
and heated in an oven at 95°C for 4 h, with the objective of 
obtaining crystallized zeolite 4A. The system was cooled and 
the material resulting from the synthesis was washed suc-
cessively with deionized water through the centrifugation 
process until completely neutralized. Finally, the material 
was placed in the oven at 80°C for 12 h for drying.

ZA was synthesized as described in previous work 
which used coal fly ash as an alternative to aluminium and 
silicon [27,30,33]. The coal fly ash used was supplied by the 
thermal power plants of the ENEVA group (Pécem, Ceará, 
Brazil). The fly ash underwent a magnetization process as 
a pre-treatment and was subsequently separated into por-
tions to remove metals and salts that could interfere in the 
silica and alumina extraction processes [34]. The NMF por-
tion resulting from the magnetization process was used 
in the synthesis. Initially, 10 g of ash NMF underwent an 
extraction process to solubilize the required components, 
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Si and Al, with 65.5 mL of sodium hydroxide (4.35 mol·L–1), 
which were stirred for 1 h in a glycerine bath (90°C). After 
this procedure, the resulting solution was centrifuged to 
separate the supernatant from the precipitate. To the super-
natant, 1.34 g of sodium aluminate (NaAlO2) were added to 
adjust the molar composition of the reaction mixture [31]. 
Moreover, NaOH (4.35 mol·L–1) was added to adjust the 
volume to 65.5 mL. Following this, the hydrothermal route 
applied to ZA-P was used again to obtain ZA.

2.3. Material characterization

The synthesized materials, ZA-P and ZA were char-
acterized by X-ray diffraction (XRD), scanning electron 
microscopy (SEM), X-ray dispersive energy (EDX), cation 
exchange capacity (CTC), and infrared spectroscopy with 
Fourier transform (FTIR).

2.4. Batch adsorption study

2.4.1. Dosage study

This study aimed to verify the effect of the concentration 
of adsorbent material on the removal of Cu2+, Cd2+, Pb2+, and 
Zn2+, and thus find the optimal dosage of material for the 
removal of the metal ions. In this sense, the effect of the dosage 
was verified by putting in contact 25 mL of a multi-metallic 
solution (100 mg·L–1) with different masses of the adsorbent 
materials (0.01, 0.03, 0.05, 0.07, 0.09, and 0.10 g) in duplicate, 
obtaining the following dosages 0.04, 1.2, 2.0, 2.8, 3.6, and 
4.0 g·L–1, respectively. The system was kept under agitation at 
200 rpm for 120 min. The material was filtered, and the resid-
ual solutions were analyzed to determine the percent removal 
of metal ions using flame atomic absorption spectrometry 
(FAAS). The adsorption capacity (Qe), which is the amount of 
ions adsorbed by the adsorbent mass and the removal percent 
(%R) were evaluated using Eqs. (1) and (2), respectively.
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where Qe is the adsorption capacity (mg·g–1), m is the used 
mass of adsorbent (g), V is the solution volume (L) and 
Co and Ce are the metal ion concentrations in the initial 
solution and in the equilibrium (mg·L–1), respectively, and 
%R is the removal percentage.

2.4.2. Contact time study

The contact time of the adsorbent materials with the 
multi-metallic solution, its effect on the removal of metal 
ions, and the contact time to achieve the best removal from 
metal ions were studied using a fixed mass of 0.1 g of ZA-P 
and ZA in batch, in duplicate. The material was placed in 
contact with 25 mL of a multi-metallic solution (100 mg·L–1) 
with stirring at 200 rpm for predetermined intervals (0.5, 1, 3, 
5, 7, 10, 20, 30, 50, and 60 min.). The final solutions were fil-
tered and analyzed by FAAS, and using Eq. (2), the percent of 
removal of metal ions by adsorbent materials was calculated.

2.4.3. Adsorption isotherm

The adsorption equilibrium isotherms were obtained 
using multi-metallic solutions of different concentrations 
(10, 25, 30, 50, 100, 200, and 500 mg·L–1) in batch (dupli-
cate). The studies were conducted using 25 mL of the metal 
ion solutions and 0.1 g of the adsorbent materials and were 
kept under agitation at 200 rpm for 60 min, at room tem-
perature (28°C ± 2°C). Thereupon, the aliquots were filtered, 
and the residual concentration was analyzed by FAAS.

The results obtained experimentally were evalu-
ated using the non-linearized equations of Langmuir and 
Freundlich [35,36].

Eq. (3) represents the nonlinear form of the theoret-
ical model of the Langmuir isotherm, where, Qe (mg·g–1) is 
the amount adsorbed per gram of adsorbent, KL (L·mg–1) 
is the equilibrium constant corresponding to free adsorp-
tion energy in the interaction between the surface of the 
adsorbent and adsorbate, Qmáx (mg·g–1) is the maximum 
adsorption capacity and Ce (mg·L–1) is the concentration of 
adsorbate at equilibrium [35].
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The parameters KL and Qmáx depend on the adsorbent 
material and can be used to compare the performance of 
adsorbent materials [37].

The nonlinear form of the Freundlich isotherm theo-
retical model is represented by Eq. (4), where Qe (mg·g–1) is 
the amount of adsorbed solute, Kf ((mg·g–1)(L·mg–1)1/n) is the 
adsorbate adsorption capacity constant, Ce (mg·L–1) is the 
equilibrium concentration in solution and 1/n is a constant 
related to the heterogeneity of the surface [36].

Q K Ce f e
n= 1/  (4)

Favorable adsorption tends to have a value of n between 
1 and 10. The higher the value of n (the lower value of 
1/n), the stronger the interaction between the adsorbate 
and the adsorbent [38].

2.4.4. Determination of metal ions

The determination of the concentration of metal ions 
was performed using flame atomic absorption spectrom-
etry (FAAS), with VARIAN 24ZOFS spectrophotometer 
equipment. The gas mixture used was Ar-Acetylene and 
the resonance wavelengths were for Cu2+ (324.7 nm), Cd2+ 
(228.8 nm), Pb2+ (217.0 nm), and Zn2+ (213.9 nm), with the 
linear concentration range for each metal ion used for the 
calibration curve being from 0.03 to 10 mg·L–1.

3. Results

3.1. Synthesis and characterization

3.1.1. X-ray diffraction

According to the diffractograms of ZA-P and ZA (Fig. 1), 
it was observed that the peaks agreed with the diffraction 
peaks of the 4A zeolite pattern most intense at angles 2θ 
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of 7.24° and 35.30° [39]. In addition, it was found that the 
synthesized zeolites were identified as a single crystalline 
phase, free of impurities, as shown by the identification 
of the peaks using the ICSD 088329 database.

3.1.2. Scanning electron microscopy

The micrographs (Fig. 2) showed that the zeolites are 
composed of clusters of small particles with a uniform size 
in the order of 1 µm, presenting the symmetry of cubic crys-
tals as well as morphology as well-defined edges charac-
teristic of the phase of zeolite 4A [15,40,41].

3.1.3. X-ray dispersive energy and cation exchange capacity

According to the percentage of Si and Al for each syn-
thesized zeolite obtained through the semi-quantitative 
analysis of X-ray dispersive energy (EDX) (Table 1), it was 
possible to establish a Si/Al ratio of 1.069 and 0.947 for ZA-P 
and ZA, respectively, indicating similarity with the Si/Al 
ratio of zeolite 4A obtained in other studies [42,43].

In general, the Si/Al ratio has a great influence on the 
CTC of zeolites. In this sense, it is reported in the literature 
that the low Si/Al ratio intensifies the cation exchange pro-
cess due to the higher percentage of Al, which favors the 
structure having relatively high amounts of negative charges 
[44]. Thus, it is suggested that the ZA should have a greater 
CTC when compared with the ZA-P since it has a higher 
Si/Al ratio, which has been proven with the results of CTC.

To determine the material CTC, a methodology descri-
bed elsewhere was applied [45]. In this sense, it was observed 

that part of the Na+ present in 1.0 g of the materials was 
replaced by NH4

+. Therefore, this incorporation of 23 and 
39 mg for ZA-P and ZA of NH4

+, respectively, is equivalent 
to 127 meq·100·g–1 ZA-P and 214 meq·100·g–1 ZA. The CTC 
results for ZA-P and ZA corresponded, respectively, to 23% 
and 39% of the theoretical value (547 meq·100·g–1), based on 
the molecular formula of zeolite 4A. These low CTC val-
ues for the zeolites under study may be related to the water 
adsorbed on the material, which is generally much higher 
than that presented in the literature, suggesting that the 
CTC is higher than that found experimentally [46].

3.1.4. Infrared spectroscopy with Fourier transform

According to the FTIR spectra (Fig. 3), the absorption 
bands 3,440 and 1,649 cm–1 refer to the symmetrical stretching 

Fig. 1. X-ray diffractogram for (a) ZA-P and (b) ZA.

Fig. 2. Scanning electron micrograph for (a) ZA-P and (b) ZA.

Table 1
Elementary percentage for Si and Al in ZA-P and ZA acquired 
from EDX

Samples %Si %Al Si/Al CEC (meq·100·g–1)

ZA-P 19.90 17.90 1.069 127
ZA 18.66 18.89 0.947 214

Fig. 3. Infrared spectrum in KBr of (a) ZA-P and (b) ZA.
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n(O–H) and angular deformation d(O–H) of the –OH bond of 
the water molecule adhered to the surface of the materials 
due to medium humidity [47,48]. The band present around 
1,000 cm–1 is related to internal vibrations of the asymmet-
ric stretching of the T–O connections, na(T–O), ns(T = Si or 
Al), whereas the bands present in the regions between 400 
and 700 cm–1 are associated with typical vibrations of the 
secondary construction units of nanostructured material, 
known as the fingerprint of each zeolite. Therefore, the 
bands 461, 560, and 664 cm–1 are related to the deformation 
vibration of the external T–O connections d(T–O), deforma-
tion vibrations in the D4-R rings, nD4-R, and symmetrical 
T–O stretching vibrations of the internal zeolite tetrahe-
drons, ns(T–O) [49,50]. The results indicated similarity with 
previous studies [15,30,51] (Table 2).

3.2. Batch adsorption study

3.2.1. Dosage study

The amount of adsorbent is an important factor that 
determines the adsorption capacity for a given concen-
tration of adsorbates [52–55].

For both materials the adsorption capacity was inversely 
proportional to the material dosage, that is, the increase 
in dosage caused a decrease in the adsorption capacity 

(Fig. 4), this behavior occurs because the increase in adsor-
bent dosage increases the availability of active sites in the 
adsorbent, providing greater removal of metal ions from 
the solution [56,57]. In addition, when the adsorbent is 
in high dosages, the adsorbents agglomerate and thus 
decrease the surface area, caused by the overlap of the active 
sites, making it difficult for the ions to access them, which 
generates a decrease in the adsorption capacity [58].

The removal of all metal ions was more favorable for 
ZA than for ZA-P, which was already expected from the 

Table 2
Comparison between the absorption bands in the infrared for 
the studied materials

Assignments ZA-P 
(cm–1)

ZA 
(cm–1)

[15] 
(cm–1)

[30] 
(cm–1)

[51] 
(cm–1)

n(O–H) water 3,440 3,440 3,420 3,420 3,436
d(O–H) water 1,649 1,649 1,623 1,621 1,653
na(T–O) 1,005 1,005 1,000 999 1,002
ns(T–O) 664 664 674 662 662
nD4-R 560 560 555 552 552
d(T–O) 460 460 468 461 461

 

Fig. 4. Effect of ZA and ZA-P zeolite dosage on adsorption capacity and metal ion removal: (a) Cd2+, (b) Cu2+, (c) Pb2+, and (d) Zn2+ 
(temperature 28°C ± 2°C; stirring speed, 200 rpm; volume, 25 mL; concentrations of metal ions, 100 mg·L–1; time, 120 min).
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characterization of the materials, whose CTC and EDX 
showed that ZA had a more electronegative structure than  
ZA-P.

It can be observed in Fig. 4c, that Pb2+ is the metal ion 
with the highest removal for both materials, obtaining values 
close to 95% for ZA and 93% for ZA-P for the highest dos-
age (4 g·L–1). The metal ion with the intermediate selective 
behavior was Cd2+ (Fig. 4a), with removal of approximately 
77% and 62% for ZA and ZA-P, respectively. However, 
Cu2+ (Fig. 4b), and Zn2+ (Fig. 4d), were the metal ions with 
the least selective behavior for ZA and ZA-P, respectively, 
with removal values close to 63% and 27%, respectively. In 
addition, Zn2+, presented the greatest removal difference 
between the materials (Fig. 4d) about 38.5%. Therefore, the 
highest dosage of 4 g·L–1 (0.1 g) was chosen as the optimal 
dosage for the other adsorption tests for both materials as it 
obtained the best removal results.

3.2.2. Contact time study

Contact time can describe the adsorption kinetics, 
i.e. it reflects the influence of time on the adsorption pro-
cess of a certain concentration of adsorbate and on the 
achievement of the adsorption equilibrium [52,54,59].

The adsorption in the 5 min occurs quickly, reaching 
removal values of 85% of Cd2+ in the ZA and 65% of Pb2+ 
in the ZA-P, however the level of adsorption equilibrium 
for both materials is not yet observed in this time interval, 
Fig. 5a and b.

The process of adsorption of metal ions by ZA (Fig. 5a), 
has a fast adsorption behavior in the 5 min, reaching equi-
librium for most metals close to 10 min. The Cd2+ reached 
90.1% removal with just 7 min of contact, maintaining this 
high removal range until the end of the 60 min. The Zn2+ in 
10 min reached removal of about 77%, reaching values close 
to 81% in 30 min. The adsorbent showed a similar preference 
for Pb2+ and Cu2+, in the first 10 min they reached removal 
values of 61% and 59.4% and at the end of the 60 min 
they reached removal values of 57% and 54%, respectively.

The adsorption behavior of ZA-P (Fig. 5b), although 
fast in the first 10 min, reaches equilibrium for most metals 

close to 50 min. The sets of Pb2+/Cd2+ and Zn2+/Cu2+ had sim-
ilar behaviors, in which initially one of the metals had 
the preference of the adsorbent and over time this pref-
erence was changed to the other metal ions.

For the Pb2+/Cd2+ set, Pb2+ reached close to 80% with just 
1 min of contact, on the other hand Cd2+ in that same time 
reached close to 35%, however as the contact time increases, 
the removal of Pb2+ decreases and the removal of Cd2+ 
increases, the preference of the adsorbent changes around 
20 min and at the end of the 60 min the removal values of 
Cd2+ and Pb2+ are 72% and 61%, respectively.

This behavior, according to the literature, is because 
Cd2+ has an ionic hydration radius (4.26 Å) greater than Pb2+ 
(2.61 Å), which causes a slower initial adsorption, since in 
the adsorption the metal with the greatest hydration radius 
will have to spend more energy to release the water mole-
cules, however the kinetics over time probably change due 
to the affinity of the metal with the adsorbent surface [60,61]. 
Therefore, the same explanation can be used to explain the 
adsorption behavior of the Zn2+/Cu2+ set, since in the first 
5 min Cu2+, which has a smaller hydration radius (2.95 Å), 
reached 33% removal, while Zn2+, with a greater hydration 
radius (4.30 Å) reached 30%, with 20 min of contact the 
preference of material changed and at the end of 60 min, 
Zn2+ and Cu2+ reached values of 39% and 35%, respectively.

Therefore, the optimum contact time for all metals in 
both materials was 60 min, as it is the time when all metals 
were in equilibrium. In addition, the preference of materials 
for metals was practically similar, alternating only in affinity 
for metals Pb2+ and Zn2+ and can be ordered in descending 
order as Cd2+ > Zn2+ > Pb2+ > Cu2+ and Cd2+ > Pb2+ > Zn2+ > Cu2+ 
for ZA and ZA-P, respectively.

3.2.3. Adsorption isotherm

The behavior for both materials was similar, in that the 
increase in the initial concentration of the multielement 
ions solution, caused an increase in the adsorption capac-
ity of all metal ions by the adsorbents. This behavior is 
observed because of the phenomenon of the driving force 
of the system, since in low concentrations, the adsorption 

 

a) b) 

Fig. 5. Effect of contact time on metal ion removal (a) ZA (b) ZA-P (temperature, 28°C ± 2°C; stirring speed, 200 rpm; volume, 
25 mL; concentrations of metal ions, 100 mg·L–1; dosage, 4 g·L–1).
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sites are more available, leading to an increase in the con-
centration gradient and in the solute diffusion speed to the 
adsorbent [62].

The main parameter used in this study to verify the 
suitability of the isotherm models for each metal ion 

adsorption profile, for the different materials, was the deter-
mination coefficient (R2), based expressly on the values of 
the SSE error function.

According to Fig. 6 and Table 3, it is noted that 
all metal ions studied for the adsorption of ZA-P, are 

 
 

  

 

a) b) 

c) d) 

Fig. 6. Multielement adsorption isotherm for ZA-P of metal ions (a) Cu2+, (b) Cd2+, (c) Pb2+ and (d) Zn2+ (pH = 5.0; temperature, 
28°C ± 2°C; stirring speed, 200 rpm; volume, 25 mL; dosage, 4 g·L–1).

Table 3
Parameters of the ion adsorption isotherm models (Pb2+, Cd2+, Zn2+, and Cu2+) in the ZA-P and ZA, multielement system

Material Isotherms models Parameters Pb2+ Cd2+ Zn2+ Cu2+

ZA-P

Qexp (mg·g–1) 92.35 20.28 1.16 3.65

Langmuir

Qmáx (mg·g–1) 170 ± 29.7 23 ± 0.75 1.15 ± 0.075 4.305 ± 0.45
KL 0.0047 ± 0.0014 0.0841 ± 0.008 0.10712 ± 0.031 0.048 ± 0.015
R2 0.9703 0.9945 0.9548 0.9465
SSE 29.89 0.2995 0.0068 0.1113

Freundlich

n 1.407 ± 12.25 2.63 ± 21.74 4.813 ± 19.84 2.831 ± 12.94
Kf 1.815 ± 0.78 3.86 ± 0.68 0.40 ± 0.083 0.6815 ± 0.22
R2 0.9472 0.9536 0.9244 0.9076
SSE 53.23 2.510 0.0113 0.1924

ZA

Langmuir

Qexp (mg·g–1) 105.51 13.687 11.04 4.578
Qmáx (mg·g–1) 164.82 ± 9.76 13.27 ± 0.654 10.76 ± 1.50 4.683 ± 0.204
KL 0.0080 ± 0.00095 0.6851 ± 0.158 0.1139 ± 0.05 0.558 ± 0.145
R2 0.9943 0.9685 0.8518 0.9668
SSE 7.2491 0.8494 2.2343 0.0998

Freundlich

n 1.59 ± 20.7 5.16 ± 37.3 4.46 ± 20.45 7.004 ± 28.7
Kf 3.55 ± 0.048 5.87 ± 0.59 2.904 ± 0.695 2.53 ± 0.32
R2 0.9772 0.9521 0.8710 0.9227
SSE 28.87 1.2911 1.9446 0.2326
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better described by the Langmuir model. In the case of ZA 
(Fig. 7 and Table 3), the isothermal adsorption models were 
adjusted differently for metal ions. The adsorption profiles 
of Pb2+, Cu2+, and Cd2+ were adjustable to the Langmuir 
model. On the other hand, Zn2+ was better suited to the 
Freundlich model. The suitability of the Langmuir model 
suggests a homogeneity in the energy of the adsorbent sites 
and a monolayer adsorption process [63,64]. On the other 
hand, the suitability of the Freundlich model suggests the 
presence of several types of adsorption sites, that present 
different adsorptive energies [65].

Within the model parameters, it can highlighted 
those that manage to express the magnitude of affinity in 
the adsorption process, that is the degree of interaction 
between the adsorbate and the adsorbent sites, whose in the 
Langmuir model is the Langmuir constant (KL) and in the 
Freundlich model it is the constant n, in which the favor-
able process has values between 1 and 10 model [38,66]. 
According to the values of KL, the order of affinity with ZA-P 
is Zn2+ > Cd2+ > Cu2+ > Pb2+ and according to n values the order 
with ZA-P is Zn2+ > Cu2+ > Cd2+ > Pb2+. In the same way, for 
ZA, according to the constant KL, the adsorption process fol-
lowed the order Cd2+ > Cu2+ > Zn2+ > Pb2+ and according to the 
constant n the affinity had the order Cu2+ > Cd2+ > Zn2+ > Pb2+. 
Thus, for all the metal ions studied, the process was favor-
able, that is the concentration of metals in the liquid phase 
is considerably lower than on the surface of the adsorbent.

Regarding the maximum adsorption capacity for 
ZA-P in the Langmuir model (Qmáx) it was observed that 
the affinity of the material follows the following order 
Pb2+ > Cd2+ > Cu2+ > Zn2+, while the Freundlich constant Kf, which 
indicates the capacity of adsorption in this model, presents a 
different order (Cd2+ > Pb2+ > Cu2+ > Zn2+). The same behavior 
was observed for ZA, with Qmáx and Kf, in which the orders 
were Pb2+ > Cd2+ > Zn2+ > Cu2+ and Cd2+ > Pb2+ > Zn2+ > Cu2+. 
This antagonistic behavior was observed in another study, in 
which different results were obtained for Qmáx and Kf, respec-
tively for Cu2+ > Pb2+ > Zn2+ > Cd2+ and Pb2+ > Cu2+ > Cd2+ > Zn2+ 
using magnetic zeolite adsorbent material [30].

4. Conclusions

According to the DRX, SEM/EDX, CTC, and FTIR char-
acterization results zeolitic materials were successfully pro-
duced for both Si and Al sources, standard reagents, and coal 
fly ash. For the dosage test, it was possible to conclude that 
the optimum dosage for both materials was 0.4 g·L–1 (0.1 g), 
with ZA zeolite obtaining the best removal results for all 
metal ions. The contact time test showed that ZA achieved 
an equilibrium time of 10 min, being faster than ZA-P at 
50 min. In the equilibrium study, the materials showed 
equal selectivity for Pb2+ and Cd2+, as well as different selec-
tivity for Zn2+ and Cu2+. Zeolite ZA showed the affinity 
Pb2+ > Cd2+ > Cu2+ > Zn2+ and ZA-P Pb2+ > Cd2+ > Zn2+ > Cu2+.

 

a) b) 

c) d) 

Fig. 7. Multielement adsorption isotherm for ZA of metal ions (a) Cd2+, (b) Cu2+, (c) Zn2+ and (d) Pb2+ (pH = 5.0; temperature, 
28°C ± 2°C; stirring speed, 200 rpm; volume, 25 mL; dosage, 4 g·L–1).
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The Langmuir model was able to model almost all 
results, only Zn2+ for ZA was modelled using Freundlich’s 
expression. Finally, it was possible to conclude that the stud-
ied materials can be applied for the adsorption of Pb2+, Cd2+ 
Zn2+, Cu2+ in aqueous solutions. Also, the fly ash of coal, 
can be recycled to obtain material with a high application 
value in environmental remediation.
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