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Abstract: In this research, the adsorption capacity of Ag nanoparticles on natural zeolite
from Oaxaca is presented. In order to describe the adsorption mechanism of silver
nanoparticles on zeolite, experimental adsorption models for Ag ions and Ag nanoparticles
were carried out. These experimental data obtained by the atomic absorption
spectrophotometry technique were compared with theoretical models such as Lagergren
first-order, pseudo-second-order, Elovich, and intraparticle diffusion. Correlation factors
R? of the order of 0.99 were observed. Analysis by transmission electron microscopy
describes the distribution of the silver nanoparticles on the zeolite outer surface.
Additionally, a chemical characterization of the material was carried out through a dilution
process with lithium metaborate. An average value of 9.3 in the Si/Al ratio was observed.
Factors such as the adsorption behavior of the silver ions and the Si/Al ratio of the zeolite
are very important to support the theoretical models and establish the adsorption
mechanism of Ag nanoparticles on natural zeolite.
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1. Introduction

Natural zeolites have been extensively studied due to their structural characteristics and
physico-chemical properties. These minerals present a great porosity and a significant cation-exchange
capacity [1,2]. Because of this, natural zeolites offer a wide range of applications, and one of the most
notable is the removal of contaminant ions in water and soil [3—5]. It is reported that natural zeolites,
specifically clinoptilolite, have been used in the removal of Mn, Cu, Ar, Pd, Cd, and Zn [4-6].
However, it is important to study the rate of adsorption of these species, in order to provide the
optimum conditions for the adsorption process. The nature of the sorption process will depend on
physical or chemical characteristics of the adsorbent systems and the system conditions. The most
commonly used kinetic expressions to explain the solid/liquid adsorption processes are the
pseudo-first-order kinetic and pseudo-second-order kinetic models [7-10]. A good number of works
were reported where the modifications of these natural clays with nanoparticles were produced to carry
out the adsorption of metals from aqueous solutions [8,11-18]. These minerals offer low-cost,
effective supports for nano-scale entities. The reactivity of nano-scale zero-valent metals such as Ag
and the high cation-exchange capacity of the zeolites represent a potential alternative for remediation
applications [7,13,14,19]. However, specific studies about kinetics adsorption of nanoparticles on
clinoptilolite have not been explored thoroughly. In this research the chemical characterization and the
synthesis methodology of the composite of silver nanoparticle AgNPs-zeolite is presented.
Additionally, a detailed analysis of the kinetics of adsorption of Ag nanoparticles in the clinoptilolite is
given, where the study of the adsorption efficiency under optimized conditions will be carried out and,
subsequently, it will be evaluated in relation to the removal of heavy metals and their antibacterial effects.

2. Experimental Section

The zeolite-type clinoptilolite was collected from Oaxaca, Mexico. It was milled and sieved to
—120 + 60 mesh (2 mm).

Subsequently, it was washed with deionized water to remove any impurities and dried at 80 °C for
24 h. Ag nanoparticle solutions were previously prepared according to the chemical reduction method
reported widely in the literature [20]. The composite preparation was carried out by immersing 1 g of
zeolite into 1 mL of Ag nanoparticles with concentrations of 1, 2, 3 and 4 mg-L!. Each sample was
magnetically stirred for different times in intervals of 30 min from 0 to 180 min. The experimental data
of the adsorption behavior in zeolite and their chemical characterization was conducted by an atomic
absorption spectrophotometry (AAS) technique using Perkin Elmer 3100 equipment. In order to
evaluate the adsorption capacity of the zeolite in the optimal conditions, the pH of all aqueous
solutions was 8, and it is well known and reported that this pH value favors and generates the
maximum adsorption capacity in the zeolite [16—18,21,22]. In the case of chemical characterization,
the sample was previously subjected to a digestion and dilution process using lithium metaborate
LiBOz. The characterization was complemented by an energy dispersive (EDS) analysis and the AgNP
distribution on the zeolite was studied using a Philips Tecnai F20 transmission electron microscope
with a field-emission gun attachment. Additionally, a model which proposes the adhesion mechanism
of the nanoparticles on the zeolite surface is presented.
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3. Results and Discussion
3.1. Chemical Characterization of Natural Zeolite

Figure la shows a chemical analysis obtained by EDS, which identified typical elements such as Si,
Al O, Mn, K, and Ca present in the clinoptilolite.

a)

Figure 1. (a) EDS chemical analysis of the natural zeolite; (b—d) Bright-field SEM images
corresponding to the clinoptilolite, mordenite, and feldspar phases, respectively.

Figure 1b—d shows bright-field SEM images corresponding to the typical morphologies of the
clinoptilolite, mordenite, and feldspar phases reported in previous works [14,23].

In order to perform a precise chemical characterization of the zeolite, Figure 2a—g shows an EDS
mapping of the elements present in the zeolite. This analysis is very important because, through this
study, we can find the Si/Al ratio of the zeolite. This value can be highly significant to describing
the physisorption or chemisorption mechanism presented by the zeolite. However, only with
complementary studies of adsorption kinetics is it possible to describe the mechanism of adsorption
of silver nanoparticles in zeolite.

As a result of the EDS analysis conducted on the mineral, the elements present in the natural zeolite
were identified. However, it is noteworthy that the chemical analysis obtained by the EDS technique
is a qualitative analysis. In this sense, a quantitative analysis was performed. To complement it,
the quantitative study of the zeolite was performed using the metaborate method as a digestion and
dilution mechanism. Subsequently, the absorption spectrophotometry (AAS) technique was used to
quantify the elements present in the zeolite. Table 1 shows the quantification of the elements observed
in natural zeolite. The relation between Si/Al observed in chemical analysis was 10.19. It has been
reported that minerals with a high Si/Al ratio offer an excellent cation exchange capacity [24].
Therefore, it can be affirmed that zeolite exhibits an excellent cation-exchange capacity. However, the
adsorption kinetics models presented in this research can describe the specific mechanism of
adsorption carried out in the natural zeolite.
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Fe Ca

Figure 2. (a) SEM micrograph of the zeolite; (b) EDS mapping associated with the natural
zeolite; and (c—f) maps of distribution of the elements Si, O, Al, K, Fe, and
Ca, respectively.

Table 1. Chemical composition of natural zeolite.

Element wt. % Zeolite Oxides wt. % Zeolite

Si 81.7 SiO; 77.04
Al 8.01 AlLO3 13.2
K 6.04 K>O 6.42
Fe 1.145 FeO 0.66
Ca 1.2 CaO 0.75
Mg 0.725 MgO 0.53
Na 1.18 Na,O 1.4

3.2. Experimental Study of the Ag Adsorption by Atomic Absorption Spectrometry (AAS)
3.2.1. Calibration Curves for the Ag lons and Ag Nanoparticles

To carry out the spectrophotometry analysis, we must first observe a linear behavior in the
concentration-absorbance plot according to Beer’s law. Calibration curves at concentrations of
1, 2, 3, and 4 mg-L™! were obtained from Ag ions and AgNP solutions, respectively, as shown in
Figure 3. Linear behavior in both cases was observed. This behavior is present in a range of 1 to
4 mg-L™!, according to the manual operation of the equipment. This result suggests that the solutions
of Ag NPs have a linear behavior, similar to that reported for the Ag ionized, and the slopes of the
calibration curves for the Ag ions and AgNP solutions were very similar at 0.0265 and 0.0251,
respectively. However, the differences between the Ag ions and AgNP solutions were considered and
emphasized for subsequent analysis by atomic absorption spectrophotometry. On the other hand, the
experimental data obtained from the AgNP solutions, suggest that the flame temperature employed
during the ion atomization process was enough for nanoparticle disintegration and, consequently, for

forming Ag atomic vapor.
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Figure 3. AAS calibration curves associated with the Ag ions and Ag nanoparticles.
Experimental data and linear fit.

3.2.2. Adsorption Efficiency of Ag Ions and AgNPs on the Zeolite
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Figure 4a shows the AgNP adsorption by clinoptilolite. The highest rates of adsorption are observed
in the sample with a concentration of 2 mg-L™'. The value of maximum adsorption is 90% and is

conducted over a time of 150 min. For subsequent values of 150 min and 4 mg-L ! no relevant changes
are presented in the adsorption rates. This result suggests that zeolite saturation depends directly on the
effective diameter of the nanoparticles and, consequently, the volume of AgNPs used for adsorption.
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Figure 4. Graphs of the experimental data corresponding to the adsorption efficiency of (a)

AgNPs and (b) AgNPs and Ag ions onto the zeolite.
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Some theoretical models are presented below to investigate the mechanism of AgNP sorption onto
clinoptilolite. Moreover, the calibration curves obtained for Ag ions and AgNPs show a very similar
behavior in both cases (Figure 4b). This can be attributed to the fact that silver nanoparticles with pH
values over 6 tend to ionize and, consequently, their adsorption behavior is very similar to that
exhibited by the Ag ions [16]. In order to compare the adsorption efficiency of the AgNPs and Ag
ions, Figure 4b shows a graph of the adsorption efficiency of these two species. In this case, it can be
seen that, for all adsorption times (30-150 min), the Ag ion solutions have a higher adsorption
efficiency on the zeolite compared with AgNPs.

3.3. Theoretical Models

The theoretical models reveal the solid/liquid adsorption processes. These processes are generally
due to a cation exchange reaction between adsorbent and adsorbate related to a mass-transport process
or particle diffusion in macropores or micropores [25]. Pseudo-first-order, pseudo-second-order,
Elovich, and intraparticle diffusion models are presented to describe and support the adsorption kinetic
behavior of AgNPs.

3.3.1. Lagergren Pseudo-First-Order Model

The pseudo-first-order adsorption model is defined by Lagergren [26,27]
94 _ o
dt 1(de — q¢) (1)
where g and g: are the amounts of AgNPs sorbed at equilibrium and a given time ¢ The
pseudo-first-order adsorption rate coefficient is k1 (min!). Solving the differential equation for
boundary conditions, =0, g:= 0, t = ¢ and ¢: = ¢, this equation can be expressed in the linear form as:

In(q, — q;) = Inq, — kt (2)

3.3.2. Pseudo-Second-Order Model

The pseudo-second-order kinetic equation may be expressed as [28,29]

dq
E = Ky(q. — Qt)z (3)

Using the integration limits employed in the first-order equation, this equation can be written in the
following way:
t 1 1

— = ——t 4
q:  kaq.%  q. “)

In this case, k2 represents the rate constant for pseudo-second-order sorption (g-mg '-min').
3.3.3. Elovich Model

This mathematical model has been widely used in the description of the kinetics of adsorption of a
solute in a liquid phase from a solid sorbent. The mathematical expression that governs the behavior of
this model is [30]:
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dq;
Z1t -Ba:
7r %€ (5)

Integrating Equation (3) and using the boundary conditions of the pseudo-first-order model, the
Elovich or Roginsky and Zeldovich equation would be:

1 1
q: = Eln(aﬁ) + E Int (6)

where a is the initial adsorption rate (mg-g '-min) and B the desorption constant (g-mg ). In this case,
B 1is described in terms of surface area covered and the activation energy derived from the
chemisorption by the adsorbent.

3.3.4. Intraparticle Diffusion Model

The other kinetic equation is the intraparticle diffusion model, given by:
qe = kNt +C; (7)

where ¢: describes the amount per unit mass of nanoparticles adsorbed by the zeolite at time ¢,
ki (mg-g ' min%%) is the rate constant of intraparticle diffusion, and Ci is the intercept [31,32].

Figure 5a shows the Lagergren kinetics adsorption model of AgNPs into clinoptilolite. In this case,
a significant correlation between the experimental results and the R? factor is observed (Table 2).
The highest correlation values for the first-order Lagergren model are presented in the concentrations
of 3 and 4 mg-L"'. This result supports the experimental values shown in Figure 4 where the
adsorption efficiency values are similar in both cases and their behavior is linear. Of the employed
theoretical models, the pseudo-second-order model (Figure 5b) presents the highest correlation values
which are of the order of 0.99. Therefore, the second-order model describes the adsorption process
with greater accuracy. This represents chemisorption or chemical adsorption due to the formation of
chemical bonds between adsorbent and adsorbate in a monolayer on the surface [26,33].

Table 2. Kinetic parameters obtained from theoretical adsorption models.

Lagergren

Kinetic First-Ord Pseudo-Second-Order K> Elovich o (mg-g!'min)  Intraparticle Duffusion
irst-Order

Model (K1) min-! (g'mg™"'min™") g. (mg-g™") B (g'mg™) Ki (mg-g™"-min~"%)
X 0.023 K> 1.88 x 102 i 73,690.88 Ci 4.93 x 107

1 mg-L! 1 ' qe 8.38 x 10 B 0.000115 Ki 276 x 1073
R? 0.762 R’ 0.99108 R’ 0.89589 R’ 0.91193
% 0.032 K> 73.4 o 1.98 x 10* Ci 0.00102

2 mg-L! ' ' ge 1.85x 107 B 269%10% K 6.52 % 105
R? 0.857 R? 0.98635 R? 0.88164 R? 0.92399
% 0.031 K> 37.8 o 233 %103 Ci 0.0012

3mg-L! ' ' qe 275 %1073 B 513x10*%  K; 1.22 x 107
R? 0.907 R? 0.98026 R? 0.94803 R? 0.95313
X 0.029 K> 27.2 o 1.53 x 103 Ci 0.00152

4mgL! 1 ' qe 3.61 x107° B 6.88x10* K; 1.65 x10°*

R’ 0.908 R’ 0.97719 R’ 0.93829 R? 0.95237
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In this sense, the Elovich model (Figure 5c) also represents a chemisorption phenomenon.
Nonetheless, this model is applied to systems with heterogeneous surfaces and different activation
energies [9,34]. Consequently, the correlation coefficients obtained by the Elovich model
(0.88164 < R* < 0.93829) exhibit less agreement with the experimental values obtained. The intraparticle
diffusion model (Figure 5d) presents R* values in the range of 0.911 < R? < 0.9523 (Table 2). This result
can be attributed to the homogeneous porous structure of the zeolite. Therefore, this model also
describes the transport and diffusion mechanism of the solute through the internal structure of the pores of

the adsorbent (clinoptilolite).
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Figure 5. Graphs of the theoretical models corresponding to (a) the Lagergren pseudo-first-
order model; (b) the second-order model; (¢) the Elovich; and (d) the intraparticle
diffusion models.

Figure 6 presents the correlation values (R?) obtained for the theoretical models presented.
This graph shows that the highest R? values are associated with the pseudo-second-order model.
Typically, this model describes a chemisorption process, which involves valence forces generated
between the zeolite surface and the active sites of the AgNPs. In this regard, it can be assumed that
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the ionization of Ag nanoparticles promotes the superficial adhesion of the AgNPs on the zeolite

outer surface.
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Figure 6. Analysis of the R? correlation values obtained from the theoretical models

employed to describe the AgNPs adsorption process on zeolite.

In order to study the distribution of silver nanoparticles on the surface of the zeolite, a study by
TEM was performed. Figure 7 shows a (a) bright-field TEM and (b) STEM images, in which the
distribution of the AgNPs on the zeolite outer surface can be appreciated. This result verifies that the
chemisorption phenomenon describes the adsorption process carried out by the mineral. This is due to
the AgNPs’ interaction with the active sites of the zeolite, and the formation of a uni-molecular layer
uniformly distributed on the zeolite outer surface is observed. In this sense, it can be deduced that the
process of impregnation of the particles was carried out efficiently since the adsorbate was distributed

throughout the external surface of the zeolite.

Figure 7. (a) Bright-field TEM and (b) STEM images corresponding to the AgNP

distribution onto the zeolite surface.

For additional evidence of the chemisorption process, Figure 8 schematizes the adhesion
mechanism of the AgNPs on the clinoptilolite surface, which was carried out by the interaction of the
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valence forces as describe in the pseudo-second-order model. Also, this proposed model is in
accordance with the results observed by the TEM images. The model was performed using the software
QUANTA (Accelrys, San Diego, CA, USA).

Figure 8. Ball-and-stick model proposed for the adhesion mechanism of the AgNPs on the
clinoptilolite surface.

4. Conclusions

The interaction between the zeolite and the AgNPs is described through a chemisorption process. In
this research, the characteristics of this process are observed and verified by adsorption theoretical
models. Pseudo-second-order and intraparticle diffusion models present higher correlation factors with
respect to the experimental values obtained. This fact supports the formation of chemical bonds
between the adsorbent and the adsorbate in a monolayer on the zeolite surface. The homogeneous
mineral porosity promotes this behavior. On the other hand, the high adsorption efficiencies observed
verified the affinity of the zeolite and the AgNPs. Minor particle concentrations (I and 2 mg-L™)
present high adsorption rates, due to the fact that the pore saturation is lower, promoting the
adsorption phenomenon.
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