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This study is aimed at investigating the structural and morphological characterization of natural and modified zeolite obtained
from the state of Oaxaca (Mexico). Iron nanoparticles were used for the zeolite modification. The iron nanoparticles were loaded
on the zeolite surface by homogeneous nucleation. Adsorption kinetic models of pseudo first and second order were surveyed.
The characterization of pristine and modified zeolite was performed by Fourier transform infrared (FTIR), transmission electron
microscopy (TEM), and X-ray diffraction (XRD). From the results, three main phases were identified: clinoptilolite, mordenite,
and feldspar. We could also determine the adsorption capacity of the zeolites by means of adsorption kinetic models.

1. Introduction

The natural zeolites, specifically, the clinoptilolite, have been
widely studied due to the great cationic exchange capacity
presented and their potential applications in the removal
of pathogenic microorganisms [1–5]. The zeolites are highly
porous with cavities in their structure with pore sizes and
characteristic chemical composition [6]. Recent researches
showed the bactericide effect of the Mexican zeolites mod-
ified with silver ions in the treatment of wastewater [7–
9]. Additionally, the Mexican zeolites were evaluated in
adsorption of the contaminant as the phenol and ions of Cs,
As, Cd, Mn, Fe, Hg, Ni, and Pb in aqueous solutions [9–12].
However, the internal surface area and pore size distribution
determine the efficiency in the adsorption process. In recent
years, natural zeolites have been used in removing organic
compounds and nonpolar species [13–15]. This is due to
the hydrophilic nature of the zeolite surface [16–18]. For
this reason, the investigation of physical changes of natural
zeolites offers new possibilities of applications. The purpose
of this research is to characterize structurally the modified
clinoptilolite with iron nanoparticles using TEM technique

and describe the adsorption mechanism of Fe nanoparticles
through an adsorption kinetics study of natural zeolite from
Oaxaca State (97∘13 O y 17∘14).

2. Materials and Methods

For this study, a zeolite from Oaxaca was employed. The
mineral was milled and sieved to −120 +60 mesh (2mm).
A washing treatment was conducted on the material by
magnetic stirring at 700 rpm for a period of 60min. Subse-
quently, the material was dried at a temperature of 40∘C for
24 hrs. Fe nanoparticles were initially synthesized by chem-
ical reduction method starting from Fe

2
Cl
3
with sodium

borohydride and stabilized with PVP. Afterwards, 1 g of
zeolite was mixed with 1mL of nanoparticles at different
concentrations (1, 3, 5, 7, and 10mgL−1). The mixture was
magnetic stirring (300 rpm) in intervals of 30min from 0 to
180min. The identification of the crystalline phases of the
sample was performed by X-ray diffraction using a Siemens
diffractometer for powders polycrystalline model D5000
fitted with a scintillation counter with a CuK𝛼 radiation
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Figure 1: XRD pattern corresponding to the Mexican zeolite with three principal phases identified (clinoptilolite, mordenite, and feldspars).

and monochromator. The power used was 20mA and 30 kV.
The conditions of the obtained diffraction spectra were 8
seconds per step 0.02∘. The structural and morphological
characteristics zeolite was studied using a Philips Tecnai F20
transmission electron microscope with a field-emission gun
attachment.

3. Results and Discussion

3.1. Materials Characterization

3.1.1. X-Ray Diffraction Analysis. Figure 1 shows the pat-
tern of X-ray diffraction carried out to natural zeolite, in
which different mineralogical phases are observed. The main
observed phase is clinoptilolite, which is highlighted by their
respective miller indices. Mordenite (M) phase was also
identified in the spectrum and feldspars phase (F) in a smaller
proportion.

3.1.2. Transmission Electron Microscopy. For the structural
characterization of the different morphologies observed in
the natural zeolite, the technique of transmission electron
microscopy was employed. Figure 2(a) shows a bright field
TEM image corresponding to the Mexican zeolite, in which
the presence of different phases can be observed. The study
evidenced three main morphologies. Figure 2(b) indicates
the presence of the clinoptilolite phase with a typical hexag-
onal morphology. In the case of mordenite, Figure 2(c)
describes the needle-like morphology corresponding to this
mineralogical phase. Finally, themorphology associated with
the feldspar is shown in Figure 2(d) in which granular
aggregates with no defined morphologies can be noticed.

In order to associate the different morphologies observed
in the natural zeolite with their mineralogical phases,
HRTEM analysis was carried out. Figure 3(a) shows the
clinoptilolite phase associatedwith the facetedmorphologies,
in which an interplanar distance of 0.512 nm corresponding
to planes (111) of the monoclinic structure of clinoptilolite
with the following red parameters was found: 𝑎 = 17.65 Å,
𝑏 = 17.92 Å, 𝑐 = 7.403 Å, and 𝛽 = 116.39∘ (89–7539).

In Figure 3(b), a selected area electron diffraction (SAED)
pattern of the clinoptilolite phase is presented in the axis
zone [121]. HRTEM analysis of the mordenite is presented in
Figure 3(c). A 𝑑-spacing distance of 0.415 nm was measured;
this interplanar distance is corresponding to planes (420).
The SAED pattern of the mordenite in the [234] axis zone is
presented in Figure 3(d). The minority phase of feldspar was
also identified by high resolution analysis (Figure 3(e)). In
this study, an interplanar distance of 0.22 nm was measured
and associated with the monoclinic structure of feldspar.
This analysis is complemented by electron diffraction pattern
obtained from the feldspar (Figure 3(f)), in which planes
(132) and (312) corresponding to the zone axis [245] are
observed.

Figures 4(a)–4(d) show an image transmission electron
microscopy at lowmagnifications of composite nanoparticles
of iron and zeolite. From this image, it can be observed
that the nanoparticles are effectively accommodated in the
surface of the zeolite. On the other hand, the nanoparticles
are attached to each other, given the large surface area and
magnetic nature by the metal particles. The results obtained
in the adsorption kinetic model are supported and verified by
TEM image.

3.1.3. Infrared Spectroscopy. FT-IR spectra of the natural
zeolite are shown in Figure 5, in which it can be observed
that the band associated with the symmetric and asymmetric
stretching vibrations of the hydroxyl functional group is
situated at 3614 cm−1 [19, 20]. Additionally, the band located
at 1645 cm−1 is due to the vibration of the bond Si-O. The
generated vibrations by Al-O bonds are described by the
intensity located at 1087 cm−1 [21]. The allotropic phase of
SiO
2
is identified by the intensity observed in 797 cm−1. It is

important to mention that the intensities associated with the
Si-O and O-Al bonds, which is typical of tectosilicates, are
very strong, which suggests that the zeolite has a large surface
area.

3.2. IronNanoparticles Adsorption: Experimental Behavior. In
order to determine the amount of Fe0 nanoparticles adsorbed
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Figure 2: (a) Bright field TEM image corresponding to the Mexican zeolite, (b) clinoptilolite phase, (c) mordenite, and (d) feldspars.

on the zeolite, analysis by atomic absorption spectropho-
tometry was performed. The final concentrations of Fe0
nanoparticles, measured after the direct impregnation on the
natural zeolite, were used to describe experimentally the Fe0
adsorption process into the porous material.

Figure 6(a) shows a graph of the mixture of iron and zeo-
lite nanoparticles without magnetic stirring. In this case, the
sample was only centrifuged.This experiment was carried out
for different concentrations of nanoparticles in the range 1–
10mgL−1. It is of note that the highest amount of Fe0 particles
adsorbed by the zeolite is 5mgL−1, which corresponds to the
equilibrium concentration. Subsequently, the amount of iron
nanoparticles adsorbed by the zeolite as a function of time of
magnetic stirringwas evaluated. In this procedure, the sample
of 5mgL−1 was used because this concentration showed the
highest adsorption.

Figure 6(b) describes the adsorption behavior presented
by the sample of 5mgL−1 at different agitation times. As
a result of this procedure, the equilibrium time necessary
in this adsorption process was determined. We determined

that about 180 minutes was required to conduct the greatest
adsorption of Fe nanoparticles, whose value is around 95%.
Finally, to verify this fact, Figure 6(c) shows the adsorption
behavior of all samples (1, 3, 5, 7, and 10 ppm) at different
times of magnetic stirring. This graph clearly shows that the
adsorption is independent of time and greatest adsorption
can always be attributed to the sample of 5mg/L concentra-
tion.

3.3. Adsorption Kinetics: Theoretical Models. The theoretical
models revel the solid/liquid adsorption processes. These
processes are generally due to a cation exchange reaction
between adsorbent and adsorbate related to a mass-transport
processes or particles diffusion in macropores or micropores
[22]. Lagergren pseudo first and pseudo second ordermodels
are proposed in order to describe and verify the kinetic
behavior observed experimentally by the iron nanoparticles.

3.3.1. Lagergren Pseudo First Order Model. To determine
the adsorption capacity of the zeolite adsorption kinetic
models of pseudo first and second order are used.The kinetic
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Figure 3: HRTEM image and SAED pattern corresponding to (a-b) clinoptilolite, (c-d) mordenite, and (e-f) feldspars phase.

Table 1: Parameters kinetic models of pseudo first order and pseudo second order of the iron nanoparticles in zeolite.

Lagergren model Pseudo second order model
𝐾

1

(min)−1 𝑅

2

Δ𝑞 (%) 𝐾

2

(gmin/mg) 𝑅

2

1 ppm 1.61E − 03 0.97898 3.41886903 0.26250836 0.96305
3 ppm 9.63E − 03 0.95897 37.2484767 0.018532 0.92494
5 ppm 2.34E − 02 0.98392 57.8103046 0.00766253 0.93407
7 ppm 2.37E − 02 0.93473 37.6276312 0.0066116 0.94845
10 ppm 2.33E − 02 0.95435 121.628273 0.00451299 0.94468

model of pseudo first order is determined by the equation of
Lagergren [22]:

𝑑𝑞

𝑑𝑡

= 𝐾

1
(𝑞

𝑒
− 𝑞

𝑡
) ,

(1)

where 𝑘
1
(min−1) is the pseudo first order adsorption rate

coefficient. Integrating (1) and using the boundary conditions
𝑡 = 0, 𝑞

𝑡
= 0, 𝑡 = 𝑡, and 𝑞

𝑡
= 𝑞

𝑡
,

ln (𝑞
𝑒
− 𝑞

𝑡
) = ln 𝑞

𝑒
− 𝑘𝑡, (2)

where 𝑞
𝑒
and 𝑞

𝑡
are the values of the amount adsorbed per

unit mass at equilibrium and at any time 𝑡, respectively. The
linear plot of ln(𝑞

𝑒
− 𝑞

𝑡
) versus 𝑡 determines the values of

𝑘

1
and ln 𝑞

𝑒
. 𝑘
1
values and the correlation coefficient 𝑅2 are

presented in Table 1.
Figure 7 shows the pseudo first order kinetic model, from

the zeolite, in which it can be observed that kinetic model
reveals a pseudo first order correlation values ranging from
0.95435 to 0.98392. This result suggested that the kinetic

Lagergren model adjusts significantly mainly to a sample of
5 gL−1 in which the correlation factor (𝑅2) is 0.98392. For
concentrations greater than 5 ppm, the correlation factors
decreased. This indicated that the maximum capacity for
adsorption of nanoparticles is presented with the sample of
5 gL−1. After this concentration, the zeolite does not adsorb
more nanoparticles. It was concluded that one gram of
zeolite is capable of adsorbing 4.75 gL−1 Fe nanoparticles.
Additionally, the highest values of 𝑘

1
are seen for samples of

5 and 7 gL−1, which are similar (0.00234 and 0.00237min−1).
This result implies that the rate of adsorption also has a
maximum value at the concentration of 5 gL−1.

3.3.2. Pseudo Second Order Model. The kinetic adsorption
model of pseudo second order is defined by the equation
[23, 24]

𝑑𝑞

𝑑𝑡

= 𝐾

2
(𝑞

𝑒
− 𝑞

𝑡
)

2

.

(3)
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Figure 4: (a–d) Bright field TEM image of Fe nanoparticles physisorbed on the zeolite surface.
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Figure 5: FT-IR spectra of the natural zeolite clinoptilolite type.
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Figure 6: Graphs of Fe adsorption obtained experimentally, (a) without magnetic stirring (𝑡 = 0min), at different stirring times with (b)
constant concentration (5mgL−1) and (c) concentrations of 1–10mgL−1.

The solution of this equation is obtained by direct integration
using limits 𝑡 = 0, 𝑞

𝑡
= 0, 𝑡 = 𝑡, and 𝑞

𝑡
= 𝑞

𝑡
. Consider

𝑡

𝑞

𝑡

=

1

𝑘

2
𝑞

𝑒

2

−

1

𝑞

𝑒

𝑡, (4)

where 𝑘
2

is the rate constant pseudo second order
(gmg−1min−1) which describes the amount of nanoparti-
cles adsorbed by the zeolite at time 𝑡 and at equilibrium,
respectively. Figure 8 indicates the pseudo second order
model, in which it is observed that, for lower concentrations
of Fe nanoparticles, the adsorption rates are very high
and as the concentration of these particles increases, the
adsorption rates decrease significantly. This result suggests

that lower concentrations of Fe nanoparticles have greater
interaction with the surface area of the zeolite. However,
when the concentration increases, the adsorption of these
particles is diminished due to the saturation of Fe in the
surface of the zeolite. Nevertheless, 𝑅2 values indicate lower
agreement between experimental values and pseudo second
order model. Therefore, Lagergren model describes more
accurately the kinetics of adsorption of the nanoparticles of
iron in the zeolite.

For this reason, the interaction between the iron nanopar-
ticles and the zeolite is superficial, and a phenomenon
physisorption is carried out. On the other hand, the 𝑘

2

values (Table 1) showed that, at lower concentrations of Fe
nanoparticles, the adsorption rates are higher; however, in
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Figure 8: Second order plots for Fe nanoparticles (1, 3, 5, 7, and
10mgL−1) adsorbed on natural zeolite.

concentrations greater than 5 ppm, the adsorption rate does
not present important variations. This result verifies the
results obtained by the Lagergren model, where, from 5 ppm,
the values 𝑞

𝑡
and 𝑘
1
do not exhibit relevant changes.

4. Conclusions

In the structural characterization of the Mexican natural
zeolite, the three mineral phases were identified: clinoptilo-
lite, mordenite, and feldspars. We could change the physical
properties of zeolite by the addition of iron nanoparticles.
Through adsorption kineticmodels, themaximumamount of
Fe particles adsorbed by the natural zeolite was determined.
The concentration and adsorption rates values were clearly
identified. Consequently, the obtained experimental values
and adsorption kinetic models allowed the evaluation of
the adsorption capacity of zeolites, which was of the order
4.75mg Fe/g zeolite. The physisorption phenomenon was
observed due to the Lagergren pseudo first order model.This
model describes more accurately the experimental values
obtained. This fact was confirmed by TEM micrographs,
where the accommodation of Fe nanoparticles was on the
surface of the zeolite.
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