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a b s t r a c t

In this paper, the sorption behavior of lead by unmodified and modified natural zeolites is discussed 
considering, the structural characteristics of each zeolitic material, the contact time, the initial con-
centration of Pb (II) in solution, the dosage of the adsorbents and the initial pH value. The charac-
terization of all sorbents was performed using X-ray powder diffraction (XRD), scanning electron 
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). The surface area (BET) and the 
pHpzc measurements were also determined. The contact between the Pb(II) solutions and the zeolites 
were done in a batch system. Mathematical models (pseudo-first and pseudo-second-order) were 
employed to describe the Pb(II) kinetic adsorption by natural, sodium, and acid-modified clinop-
tilolite-rich tuffs as well as Langmuir and Freundlich models to analyze the adsorption isotherms. 
It was found that the percentage of extra red cations from natural zeolite (Nat-CL) changes after 
contact with NaCl and H2SO4 solutions to obtain the sodium and acid forms (Na-CL and H-CL). 
The acid treatments of the natural zeolite promote the dealuminization of the material and the pHpzc 
drastically varied. The pseudo-second-order kinetic model best describes the sorption behavior and 
the k2 diminished when the concentration of the lead in solution increases from 10 to 100 mg/L. The 
experimental data of the isotherms fitted to the Langmuir and Freundlich isotherms and the qm and 
KF are 2.6 and 15.2 times higher for Na-CL than for H-CL, respectively. The variation of kinetic rate 
constant k2 (g/mg min) as a function of the adsorbent mass presents an exponential behavior for 
Nat-CL and Na-CL, whereas for H-CL, k2 increase linearly with amount of adsorbent. The initial 
pH of the Pb solutions affect on the time to reach the Pb2+ sorption equilibrium, the percentage of 
Pb sorbed in this condition. The mechanism involved on the sorption of Pb(II) by the Nat-CL and 
Na-CL are ion exchange and precipitation on the surface. In the case of H-CL, only an ion exchange 
could be possible. 
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1. Introduction

Lead has been recognized one of the toxic heavy met-
als with an important potential hazard to humans and the 
environment. Lead and lead compounds have been used 

in a many variety of products including paint, ceramics, 
pipes and plumbing materials, solders, gasoline, batteries, 
ammunition, and cosmetics [1]. While it has some benefi-
cial uses, nevertheless, large amounts may cause toxicity to 
humans and animals causing of health effects. According 
to the World Health Organization and Environmental Pro-
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tection Agency, the maximum permissible limit in drinking 
water and wastewater is approximately 0.05 mg/L [2,3]. 
Generally, heavy metals are highly toxic and tend to accu-
mulate in living organisms because are not biodegradable. 
Therefore, they must to treat heavy metal containing waste-
waters before being discharged into the environment.

Traditional techniques are commonly applied in 
removing heavy metals from industrial effluents includ-
ing precipitation with chemical and electrochemical 
methods [4,5]. However, the principal problem of this 
treatment is the production of the large amount of metal-
lic sludge, making metal recovery difficult and increase 
the pollution load on the environment [6]. Other methods 
that are being used to remove heavy metal ions include 
ion-exchange, adsorption, membrane filtration, electro-
chemical treatment technologies [7]. Among all water 
purification methods, ion exchange treatment is the most 
commonly used because it can reduce heavy metals to 
very low levels.

Natural zeolites are crystalline aluminosilicates consist-
ing of molecular-sized pores and channels. These micropo-
rouse structures are made of three dimensional framework 
of [SiO4]

4– and [AlO4]
5– tetrahedra, linked by sharing oxy-

gen atoms. The partial substitution of Si4+ by Al3+ results the 
negative charge in the structure, which is compensated by 
the hydrated cations from alkali and alkaline earth cations 
(Na+, K+, Ca2+ or Mg2+) [8]. The crystalline micro porous of 
natural zeolites and their strong affinity for many heavy 
metals, have been used these materials as adsorbents and 
ion-exchanger for environmental remediation processes, 
particularly for water and soil purification [9].

There are reported papers in the literature that shows 
the capability of the natural zeolites to remove heavy metals 
from water because their cation exchange capacities. How-
ever, the chemical speciation is very important according 
with the pH of the aqueous media [10]. Furthermore, the 
selectivity of natural zeolites is dependent of dehydration 
energy of cations, diffusion coefficient and the pH where 
the precipitation of hydroxides is obtained [11]. The max-
imum adsorption capacities of Pb (II) reported by Ghah-
farokhi et al., were 52.6 mg/g using a natural zeolite from 
Siah-Zagh mine of Semnan Province [12]. 

It was reported that other factor which affect the Pb(II) 
sorption by natural zeolites is the grain sizes. Clinoptilolite 
in power is more effective than granular clinoptilolite and 
the sorption of lead increases when the pH of the solution 
increases from 1 to 4 [13]. 

Several methods were used in order to improve the 
physical and chemical properties of naural zeolite as acid 
treatment, ion exchange and surfactant functionalization 
[14–16]. It can remove impurities that block pores in natural 
zeolites by acid treatment, and progressively eliminate cat-
ions to change into proton-form [14,17,18]. It is important 
to mention that the acid treatment of the natural zeolites 
promote a higher specific surface area with respect to those 
non modified zeolitic materials [19]. Therefore, the aim of 
this work was to describe the removal behavior of Pb(II) 
from aqueous media by the natural, sodium, and acid-mod-
ified clinoptilolite-rich tuff to compare their sorption for 
this heavy metal considering structural changes of the zeo-
litic network promoted by the contact with a strong acid 
solution. Therefore the novelty of this paper was to know 

the effect of acid treatment on the physicochemical prop-
erties of a zeolitic material for the sorption of Pb2+ taking in 
account that it could be content in acidic wastewater among 
them mining effluents and lead acid battery.

2. Materials and methods

2.1. Materials and reagents

Clinoptilolite rich-tuff used in this work was collected 
from a deposit located in the state of Puebla (Mexico). The 
starting material was sieved to obtain a grain size of 40 mesh 
and washed with distilled water to remove the water-solu-
ble impurities. This sample (Nat-CL) was then dried in the 
oven at 80°C for 24 h. 

2.1.1. NaCl modification

The conversion of natural zeolite to a homo-ionic or near 
homo-ionic state has been found to improve ion exchange 
capacities and performance [20,21]. Near sodium form of 
clinoptilolite sample (Na-CL) was prepared by stirring 30 
g of Nat-CL and 200 mL of NaCl solution (1.0 M) in a 250 
cm3 flask. The mixture was agitated for 1 h at room tem-
perature. The supernatant was discarded and replaced with 
a fresh solution of NaCl [22]. This procedure was repeated 
four more times and after that, the sample was washed for 
several times with deionized distilled water until Cl– free 
in the washing solution (tested by AgNO3). Treated zeolite 
was dried at 80°C for 24 h. 

2.1.2. H2SO4 modification 

The H-form of clinoptilolite (H-CL) was obtained treat-
ing 25 g of Na-CL sample with 500 mL of H2SO4 1 M for 4 
h at 90°C. Then, the acid solutions were decanted and the 
solid residue was washed several times with deionized 
water until the pH reached values near to 5. The resulting 
acidic zeolite was then dried at 80°C in an electric oven for 
24 h. 

The deionized water was used to prepare the required 
concentrations of Pb considering the PbCl2 salt (JT Baker, 
99.99%).

2.2. Characterization 

X-ray diffraction (XRD) patterns of natural and modi-
fied zeolites were obtained by X-ray diffraction (XRD) using 
an APD 2000 PRO X-Ray diffractometer with CuKα radia-
tion. Measurements were done in the 2θ range of 2° to 60°, 
with the scanning speed of 0.025 deg s–1 and 10 s scanning 
time per step. 

The morphology and the elemental chemical composi-
tion of the materials were performed by using a scanning 
electron microscopy combined with X-ray energy disper-
sive spectrometer (SEM/EDS HITACHI S-3400N). 

The surface area and mean pore diameter of the sam-
ples were measured by the N2 adsorption-desorption iso-
therm technique using the Brunauer–Emmett–Teller (BET) 
method (BELSORP-28SA equipment). 
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The pH of the point of zero charge (pHPZC) of Nat-CL, 
Na-CL, and H-CL samples were determined using the 
method described by Zaini et al. [23] and Rojas-Pavón et al. 
[24]. 0.10 g of each adsorbent were mixed with 50 mL of 0.01 
M NaCl adjusted to different initial pH values (pHinitial = 1.0, 
2.0, 2.5, 3.0, 3.5, 4, 6, 8, 10). The suspensions were allowed 
to equilibrate for 72 h under mechanic agitation at 25°C, 
decanted and the final pH of each remaining solution was 
determined with the ThermoElectron Orion 4 Star pH-me-
ter. The pHpzc is the point where the curve pHfinal vs. pHinital 
crosses the line pHinitial = pHfinal [25].

2.3. Sorption process

Batch mode experiments were carried on to determine 
the Pb(II) sorption by Nat-CL, Na-CL, and H-CL. The 
experiments to obtain the kinetic parameters were con-
ducted as follows: 0.1 g of each sorbent was added to 10 
mL of PbCl2 solutions at pH = 2.0 which concentrations 
varied from 10 to 100 mg/L. The mixtures were placed in 
centrifuge tubes and shaken in a rotary shaker for contact 
times ranging from 5 min to 24 h. After each specific contact 
time, the tubes were centrifuged at 3500 rpm for 2 min to 
separate the phases. The concentration of lead metal was 
determined using a flame atomic absorption spectroscopy 
(AAS, Thermo Scientific iCE 3000 Series). In order to ensure 
the truthfulness of experiment results, all experiments were 
made by duplicate. 

The amount of Pb(II) sorbed per unit mass of the 
zeolitic materials was evaluated by using the following 
equation:

qt
C C

m
Vt=

−( )0  (1)

where C0 (mg L–1) and Ct (mg L–1) are the initial and final 
metal concentration in solution, respectively, V is the vol-
ume of aqueous phase (L) and m is the mass of adsorbent 
(g).

The effects of (i) Pb(II) initial concentration (iso-
therms), (ii), initial pH and (iii) adsorbent dosage, on 
the sorption by Nat-Cl, Na-CL and H-CLI were also per-
formed by a similar procedure described above consid-
ering the experimental conditions presented on Table 1. 
It is important to mention that the variation of pH is one 
of the significant parameters in the sorption of metal 
species by solids [26], because the ionic state of metal 
ions in solution is strongly depends on the pH value in 
solution and also can affect the surface electric charge 
of the adsorbent which is important for the electrostatic 
adsorption of ions and colloids [27].

3. Results and discussion

3.1. Characterization 

3.1.1. XRD

The powder XRD results of the Nat-Cl, Na-Cl and H-CL 
samples demonstrate that natural and modified clinoptilo-
lite present a similar pattern with the main reflexions at 2θ 
= 9.80°, 11.14°, 22.36°, and 31.94°, which correspond to the 
crystalline structure reported in the literature and in X-ray 
data file (JPCDS 00-025-1349 card) [28,29]. Minor amounts 
of quartz at 2θ = 26.56 (JPCDS 01-085-0504) was also found. 
A comparative analysis of the XRD pattern showed no sig-
nificant changes in the positions of the most reflexions of 
the natural and modified clinoptilolite, which indicate that 
the zeolite structure does not change [29]. However, slight 
decrease can be observed in the relative intensity of the 
diffraction peaks of the H-CL sample, compared with the 
Nat-CL and Na-CL samples. This result suggests the suc-
cessful exchange of H+ by Na+ with the treatments by H2SO4 
causing some structural changes and crystallinity loss of the 
clinoptilolite phase [30]. 

3.1.2. SEM and EDS

SEM images of natural and modified clinoptilolites 
show the presence of crystals with forms similar to broad 
flat rectangular faces with angled corners, this coffin shape 
is typical of different species of clinoptilolite [31]. Moreover, 
there was observed no change in the surface or morphologi-
cal differences with respect to the natural clinoptilolite sam-
ple. This confirms the results obtained by XRD analyses.

Chemical composition obtained by EDS show that the 
sodium content increased two times, whereas it is nota-
bly decreased for K+, Mg2+, Ca2+ and Al3+. Acid treatment 
decrease notably the percentage of exchangeable cation Na, 
K, Ca and Mg, furthermore a significantly decrease of the 
aluminum content, and an increase of Si/Al ratio from 4.11 
to 7.84 [32]. This ratio is a characteristic tool to determine 
the hydrophobicity of the zeolitic materials. 

3.1.3. Surface area

The results obtained by BET technique show that tex-
tural parameters of Nat-CL and Na-CL are similar. However 
for H-CL, the total pore volume increases approximately 1.5 
and 2 times and the surface area increases 4.5 and 5 times 
in comparison to Na-CL and Nat-CL, respectively. On the 
other hand, the mean pore diameter decreases 2.5 and 3 
times in comparison to Na-CL and Nat-CL. These results 
indicate that the modification of the Nat-CL with H2SO4 
with 1 M, drastically change the original structure of the 
zeolitic material.

3.1.4. pHPZC

The pHpzc value was found at pH = 8.25 ±0.01 for 
Nat-CL, while it was 8.00 ± 0.01 and 2.05 ± 0.01 for the 
Na-CL and H-CL, respectively. This result can be explain 
by the dealumination phenomenon by the acid treatment of 
Na-CL which promotes the decrease of the negative charge, 

Table 1
Experimental conditions for parameters tested

 Parameters Time
 (min)

Ci 
(mg/L)

pHi Adsorbent 
dosage (g)

Initial concentration 1440 10–500 2 0.1
Initial pH 30–360 100 2–10 0.1
Adsorbent dosage 1440 100 2 0.1–1.0
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consequently diminishes the number of cations and gener-
ate a very strong Lewis acid site. Furthermore, an increase 
of Si/Al was also expected for H-CL [33].

3.2. Sorption process

3.2.1. Kinetics

Fig. 1 presents the results of kinetic process of Pb(II) 
sorption with Ci = 10–100 mg/L on Nat-CL, Na-CL and 
H-CL. As shown in this graph, an increase in initial concen-
tration of Pb(II) in solution (mg/L), increased the amount 
of ions adsorbed (mg/g). This result can be attributed to 
higher interaction between metal ions and adsorbent sur-
face [34]. The adsorption capacity of Nat-CL, Na-CL and 
H-CL increased from 0.945 to 9.583, 0.950 to 10.024, and 
0.540 to 1.631 mg/g, respectively when the initial Pb(II) 
varied from 10 to 100 mg/L. Nevertheless, the efficiency 
of Pb(II) removal showed the opposite tendency. At higher 
concentrations, exchangeable sites are saturated, resulting 
in a decrease in the adsorption capacity [35]. 

For Nat-CL and Na-CL samples, the time required to 
achieve the equilibrium sorption capacity (teq) increased 
with a rise in the initial ions concentration (teq = 30–180 min, 
for Ci (Pb2+) = 10–40 mg/L and teq = 240–360 min for Ci (Pb2+) 
= 80–100 mg/L). The initial rapid phase can be attributed 
to the presence of large number of vacant sites and, as a 
result there exists, increased the concentration gradient 
between adsorbate in solution and adsorbate in the adsor-
bent surface [36,37]. After 180 min, no significant removal 
was observed, due to the saturation of active sites of the 
adsorbents by Pb(II) [35]. 

For higher concentration, the uptake of Pb(II) increased 
gradually over time from 5 to 360 min and then reaches 
the equilibrium after 720 min, this can be explained to the 
decrease in available vacant sites for adsorption. 

For H-CL sample, adsorption process generally con-
sisted of two main reaction stages time; initial fast adsorp-
tion process from 5 to 360 min, followed by a slow sorption 
reaction from 360 to 1440 min. At the first stage, about 75%–
96% of Pb(II) are sorbed, whereas near of 4%–15% metal 
amounts are removed during 18 h. 

Experimental kinetic data was fitted by the pseudo 
first order and the pseudo-second-order kinetic models to 
describe the mechanism involved in the sorption process 
[38–41]. The linear forms of the pseudo-first order and 
pseudo-second-order equations are expressed in Eq. (2) and 
Eq. (3), respectively:

ln( ) lnq q q k te t e− = − 1  (2)

t
q k q q

t
t e e

= +
1 1

2
2  (3)

where qe and qt (mg/g) are the amounts of Pb(II) adsorbed at 
equilibrium and at time t, respectively, k1 (mg g–1 min–1) and 
k2 (mg–1 g min–1) are the rate constants of pseudo-first and 
pseudo-second-order sorption, respectively. The values of 
these parameters are determined from the slope and inter-
cept of the linear plot of ln(qe − qt) vs. t (Eq. (2)) and t/qt vs. 
t (Eq. (3)).

Plotting the experimental data using Eqs. (2) and (3) 
show that the pseudo-second-order kinetics models give 
considerably good fit to the data (Table 2). It can see that 
the values of determination coefficient R2 obtained for the 
pseudo-second order model are very high. Moreover, the 

Fig. 1. Adsorption of Pb2+ ions as a function of time at different 
concentrations for (a) Nat-CL, (b) Na-CL and (c) H-CL.
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theoretical qe,cal values are very closer to the experimental 
qe,exp values.

From the results obtained by the pseudo-second-or-
der kinetic model, it can noted that the rate constant (k2) 
decreases with an increase in initial Pb(II) concentration 
(Fig. 2). This behavior confirms that at lower concentration, 
lower competition for the sorption surface sites is obtained. 
Whereas, for higher concentrations, the competition for the 
surface active sites is high and, therefore, lower sorption 
rates are obtained [42,43]. It is important to mention that the 
parameter h is lowest for the Pb(II) sorption by H-CL that 
shows the structural changes promoted by the acid treat-
ment of the zeolitic material.

3.2.2. Isotherms

Langmuir and Freundlich isotherm models are widely 
used to describe the equilibrium of heavy metals ions 
between the liquid phase and the solid adsorbent, which 
determine whether the sorption is of monolayer or multi-
layer nature, which can be specifically useful to predict the 
type of adsorption mechanism involved.

Langmuir isotherm model consider that the binding 
sites are homogeneously distributed over the adsorbent 
surface and the adsorption takes place at specific homoge-
neous sites within the adsorbent. This model was evaluated 
by means of the following equations: 

1 1 1
q q q K Ce m m L e

= +  (4)

where qe is the amount adsorbed at equilibrium (mg g–1); Ce 
is the equilibrium concentration (mg L–1); KL is the Langmuir 
constant related to the affinity of the binding site (L mg–1) and 

qm is the maximum amount of solute adsorbed (mg g–1). The 
coefficients KL and qm were determined from the intercept 
and slope of linear plot of 1/qe vs. 1/Ce (Eq. (4)).

The Freundlich isotherm is commonly used to describe 
the adsorption for the heterogeneous surface. This isotherm 
can also be expressed by the following equation (Eq. (5))

ln ln lnq K
n

Ce F e= +
1  (5)

KF (Lmg–1) and n are the Freundlich constants that 
correspond to adsorption intensity and adsorption 

Fig. 2. Pseudo-second order kinetic constant as a function of the 
equilibrium sorption capacity of Pb2+ for Nat-CL, Na-CL and 
H-CL.

Table 2
Pseudo-second order kinetic model applied to the Pb(II) sorption by natural and modified zeolites

Concentration of Pb(II) Zeolitic material Pseudo-second-order model

(mg L–1) k2 (10–2)
(g m g–1 min–1)

qe calc

(mg g–1)
qe exp

(mg g–1)
h = k2qe

2 (10–2)
(mg g–1 min–1)

R2

Nat-CL 15.614 0.952 0.945 5.099 0.999
10 Na-CL 19.301 0.953 0.95 17.529 0.999

H-CL 2.223 0.552 0.54 0.677 0.983
20 Nat-CL 1.997 1.968 1.92 7.734 0.999

Na- CL 4.292 1.971 1.95 7.758 0.999

H- CL 1.115 0.811 0.78 0.733 0.978
40 Nat- CL 0.542 3.932 3.8 8.379 0.999

Na- CL 1.138 3.807 3.72 16.493 0.999

H- CL 0.651 0.934 0.9 0.568 0.996
80 Nat- CL 0.14 7.017 6.43 6.91 0.995

Na- CL 0.339 7.032 6.7 16.772 0.997

H- CL 0.689 1.318 1.25 1.197 0.987
100 Nat- CL 0.13 10.02 9.583 13.052 0.998

Na- CL 0.134 10.54 10.024 14.886 0.996

H- CL 0.615 1.72 1.631 1.819 0.992
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capacity, respectively. These parameters were obtained 
from the intercept and slope of linear plot of ln(qe) vs. 
ln(Ce) (Eq. (5)). 

The plot of equilibrium concentrations of Pb(II) ions in 
the solids (Nat-CL, Na-CL and H-CL) and aqueous phases, 
is presented in Fig. 3. The experimental data were fitted 
to the linear forms of the Langmuir and Freundlich iso-
therms as was mentioned before. The values of the cor-
responding parameters (KF and n) are shown in Table 3. 
The values of the determination coefficients (R2) of the 
Freundlich isotherm model are 0.98, which is higher than 
those obtained for Langmuir model (0.84 < R2 < 0.90), indi-
cating that the experimental data of the Pb(II) sorption by 
the zeolitic materials can be described by the Freundlich 
model. Therefore, the Pb(II) sorption by Nat-CL, Na-CL 
and H-CL is carried out in multilayers. The n values can 
give an idea about the nature of the interaction between 
metallic ions and the solid. According to results presented 
in Table 3, the n values are superior to 1 indicating that the 
sorption is of a chemical nature. The affinity of Nat-CL, 
Na-CL and H-CL for Pb(II) is as follows according with 
the KF values: 

KFPb-Na-CL > KFPb-Nat-CL > KFPb-H-CL

The high affinity of Na-CL for Pb(II) compared with 
Nat-CL can be attributed to the high mobility of Na+ ions 
in Na-CL, which improves the ion exchange according with 
the following reaction: 

Na-CL(z) + Pb2+
(s) ↔ Pb-CL(z) + 2Na+

(s)

where z represents the zeolitic material and s the aqueous 
solution. 

According to the Langmuir model, it is clear that the 
maximum adsorption capacity of the H-CL is 2.6 and 2.1 
times lower than Na-CL and Nat-CL, respectively. The con-
stant related to the affinity of the binding site (KL) is low-
est for H-CL, and this result is important if it is considered 
the recovery of the Pb(II) from the H-CL. Therefore, in the 
Pb(II) sorption process, the specific surface area of the zeo-
litic materials is not a parameter to play an important role.

3.2.3. Influence of adsorbent dosage 

Fig. 4 depicts the percentage lead removal as a function 
of time with different initial amounts of Nat-CL, Na-CL and 
H-CL (from 0.1 to 1 g). It can be observed that for all zeolitic 
materials, the percentage removal of lead increased with 
increasing mass of the zeolitic materials. This finding is due 
to the presence of more availability of the exchangeable 
sites at higher amount of the adsorbent [44]. 

As shown in Fig. 4, it can noted that 0.5 g of Nat-CL and 
0.4 of Na-CL, were sufficient to remove over 100% of Pb(II) 
within the first 30 min and further addition of the adsor-
bent beyond this did not cause any significant change in the 
adsorption. Whereas, for H-CL zeolite, it can observed that 
the percentage of metal uptake increase from 30% with 0.1 g 
up to 95% approximately with 1.0 g for 360 min. In this case, 
various investigations reported that at high zeolite dose, the 
competition between ion metals is reduced due to the avail-
ability of more sorption site [45].

The experimental data were adjusted to pseudo sec-
ond-order kinetic model obtaining a determination coeffi-
cient > 0.99. Fig. 5 shows the plots of t/q versus t of Nat-CL, 
Na-CL and H-CL. The variation of kinetic rate constant k2 (g 
mg–1 min–1) as a function of the adsorbent mass presents an 
exponential behavior for Nat-CL and Na-CL, whereas for 
H-CL, k2 increase linearly with amount of adsorbent. This 
result confirms that the pseudo-second-order kinetic con-
stant depends not only of the sorbent dosage but also of the 
modification of the zeolitic material.

3.2.4. Influence of pH

The percentage of adsorption of metal ions largely 
depends to the initial pH of aqueous solution, due to its 
impact on the surface adsorption sites and on the speciation 
of metal ions at different pHs [46].

The influence of pH on the sorption of the Pb(II) by 
Nat-CL, Na-CL and H-CL is shown in Fig. 6. This figure 
illustrates the percentage of metal removal as a function of 
time at different initial pH values. It is important to take 
account the surface charge of the zeolitic materials that can 
play a role in the sorption process as was mentioned above. 

For Nat-CL and Na-CL samples (Fig. 6(a) and 6(b)), it 
can be observed that when the initial pH of the solution 

Fig. 3. Pb(II) sorption isotherms for Nat-CL, Na-CL and H-CL.

Table 3
Parameters obtained from Langmuir and Freundlich models 
that describe the sorption of Pb2+ by Nat-CL, Na-CL and H-CL

Zeolitic 
material 

Isotherm models

Langmuir Freundlich

KL

(L mg–1)
qm

(mg g–1)
R2 KF

(mg g–1) 
(L mg–1)1/n

n R2

Nat -CL 68.5 7.30 0.84 4.95 3.47 0.98
Na -CL 12.40 9.06 0.90 6.10 2.93 0.98
H -CL 0.066 3.47 0.89 0.40 2.30 0.97
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is ≥ 3.0, approximately 100% of Pb(II) uptake is achieved 
within the first 15 min, whereas when initial pH = 2, a 
gradual increase in the removal of Pb(II) was recorded up 
to 720 min for Nat-CL and Na-CL. These results indicate 
that the sorption of Pb(II) by these zeolitic materials could 

be involved two mechanism: (a) ion exchange when pH ≤ 
2 and (b) precipitation on the surface and ion exchange for 
initial pH ≥ 3 [34, 46].

As show in Fig. 6(c), the removal extent of Pb(II) 
increased from 10% (pH = 2) to 85% (pH = 6). The pHpzc 

 

Fig. 4. Effect of the (a) Nat-CL, (b) Na-CL and (c) H-CL dosage 
on the Pb(II) sorption as a function of time, considering T = 
25°C, pH = 2, CiPb2+ = 100 mg/L.

 

Fig. 5. Pseudo second order kinetic model applied to the Pb(II) 
sorption by (a) Nat-CL, (b) Na-CL and (c) H-CL, with different 
zeolitic material mass. The inside curves represent k2 vs. mass.
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of H-CL was 2.05 ± 0.01, at pH = 2, the surface of H-CL 
became positively charged and the removal of Pb(II) is less 
due to the H+ competes with metal ions for the adsorp-
tion sites. However, with the increasing pH, the surface of 
H-CL become more negatively charged and the repulsive 

force decrease and therefore the removal of Pb(II) begins to 
increase [46].

In order to confirm this hypothesis, the pH of the solu-
tion after each contact time was measured. Fig. 7(a) and 
7(b) show the results obtained. It is evident from this figure 

 
 

Fig. 6. Influence of pH on the sorption of Pb(II) by (a) Nat-CL, (b) 
Na-CL and (c) H-CL.

 

 

Fig. 7. Variation of final pH of the solutions after the Pb(II) sorp-
tion by (a) Nat-CL, (b) Na-CL and (c) H-CL.
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that when initial pH ≥ 3, the final pH of aqueous solution 
reached values from 6 to 8 approximately, this indicate that 
the metallic solutions were basified by Nat-CL and Na-CL 
after the sorption processes. In this pH region, several stud-
ies has been reported the substantial increase in the sorption 
of metal ions on surface due to the possible precipitation 
of metal ions with their hydroxide form as white Pb(OH)2 
solid [46–49].

Fig. 7(c) shows that when initial pH = 2–6, the final pH 
of aqueous solutions after each contact time vary between 
2 and 3. In this pH region predominate the Pb2+ ions and 
suggest that the removal of Pb(II) by H-CL was carried out 
by ion exchange process. 

Fig. 8 presents the Pb speciation diagram as a function 
of pH in aqueous solution. In this graph it can be observed 
that when pH ≤ 6, Pb2+ ions are predominant. However, 
at pH values between 5 and 8, the hydroxide species are 
generated.

4. Conclusions

From this work, it is concluded that the crystalline 
structure of natural clinoptilolite (Nat-CL) was not affected 
by sodium and acid treatments. However, chemical com-
position of natural zeolite changes after contact of Nat-CL 
with NaCl and H2SO4 solutions. The acid treatments of 
the Nat-CL promote the dealuminization of the material 
increasing the Si/Al ratio. The pHpzc is similar between 
Nat-CL and Na-CL (pHpzc = 8) and it is drastically different 
for H-CL (pHpzc = 2). 

The pseudo-second-order kinetic model best describes 
the sorption behavior and the k2 values depends of (a) the 
initial concentration of the Pb(II) in solution, (b) the zeolitic 
material dosage and (c) its modification.

The experimental data of the isotherms well fitted to 
the Freundlich isotherm model. The KF parameter is higher 
for Na-CL than Nat-CL and H-CL. The maximum Pb(II) 
adsorption capacity (qm) is highest for Na-CL (9.06 mg/g).

The sorption of Pb(II) by Nat-CL and Na-CL could be 
involved two mechanism: (a) ion exchange when pH ≤ 2 
and (b) precipitation on the surface for initial pH ≥ 3. In the 
case of H-CL, only an ion exchange could be possible. 

Fig. 8. Speciation diagram of Pb as a function of pH values.
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