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Abstract: Powedered zeolites are used as desiccant in the preservation of many type of vegetable
foods (e.g., cereal grain, corn, etc.). Natural clinoptilolite is a very abundant, inexpensive, nontoxic,
regenerable, and environmentally friendly zeolite with good desiccant properties. Here, water
adsorption/desorption properties of natural clinoptilolite have been investigated by a novel
technique based on a.c. electrical measurements. In particular, owing to the presence of
extra-framework cations, zeolites are ionic conductors. The presence of water in cationic sites
significantly modify cation mobility, because strong electrostatic interactions act between cations
and nucleophilic areas in 3D-framework, and non-hydrated cations have a nearly to zero mobility,
while hydrated cations have enough mobility at room temperature. The type of law controlling the
adsorption/desorption process has been established by monitoring the real-time behavior of
relative current intensity moving in the sample surface biased by a sinusoidal voltage signal of
20Vpp (5 kHz) and exposed to a constant moisture atmosphere (75%) at 25 °C. An intergranular
diffusion control was active at beginning of hydration because of the lamellar texture, then a
Lagergren irreversible pseudo-first-order kinetics took place. To confirm adsorption mechanism
and possibility of regenerating the clinoptilolite desiccant, dehydration by silicagel was electrically
monitored and an exponential kinetic law found.
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1. Introduction

Natural functional nano-materials (i.e., functional nanostructured materials coming from the
nature) [1-3] is an emerging field in functional materials and nanotechnology science [4], which is
based on the possibility to exploit the nanoarchitecture of substances coming from the animal,
vegetable and mineral worlds, in the fabrication of novel types of devices. A number of biominerals
and natural substances (e.g., halloysite, diatoms, zeolites, radiolars, etc.) have a microscopical
structure characterized by tiny morphological features that can be advantageously exploited for
functional applications in different technological fields (e.g., filtration, templating, sorption,
fragrance release, drug delivery, etc.) [5]. A big potentiality of this approach is to develop
environmentally safe and less harmful nanostructured materials compared to those produced by
synthesis.

Natural zeolites are probably the most important types of natural substances with potentialities
in functional application development. In fact, zeolites are solid-state ionic conductors with an
electrical conductivity which strictly depends on the temperature and the presence of small polar
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molecules in their regularly porous crystal lattice. In fact, these two aspects of zeolites strongly
influence the transport characteristics. These unique features of the zeolite structure, representable
as a reverse of metallic lattice [6], with mobile positive charges (cations) and stationary delocalized
negative charges (nucleophilic areas in the 3D-framework), is extremely useful specially in industrial
engineering and technology. The ion movement is affected by the presence of an electric field, for
example, that of an electromagnetic radiation and zeolites can even be of optical grade, making
possible their use in sensors and optoelectronics fields. Never so many useful physical
characteristics have been present in the same substance, that as a consequence can be used to
fabricate sensors, batteries, capacitors, electroluminescent devices, etc.

Powdered zeolites have a very strong ability to physically adsorb gaseous water molecules and
such property has been industrially exploited in: gas dehydration [7], water sensors [8], spontaneous
insecticidal powders [9], humidity-control building materials [10], etc. However, the most important
application of natural zeolite powders is as solid adsorbent for air dehumidification in food drying
[11-13]. Zeolite powder is the most potentially useful adsorbent for enhancing food and agriculture
drying. The high natural abundance, low cost, low toxicity, biocompatibility, low environmental
impact, possibility of activation by heating to enhance as much as possible their ability to absorb
water, recyclability, etc. make natural zeolite powder as very adequate drier for the preservation of
some type of foods. In particular, the use of natural clinoptilolite powder has been proposed in the
preservation of vegetables. Zeolites have been also used as desiccant for ethanol, drugs, electronics,
etc. The comprehension of the mechanism involved in the physical adsorption of water molecules on
zeolites is of a fundamental importance for the selection of the best zeolite-based desiccants (value of
the Si/Al ratio, type of extra-framework cations, pore size, dehydration temperature, etc.), their
optimization (by ion exchange), and their adequate reactivation (by microwave heating, etc.). Some
hypothesis on the way water molecules are adsorbed on zeolitic materials are available in the
literature [14], however, to the best of our knowledge, there is not an accepted model for this process
and the exact pathway involved is unknown.

Here, the ability of a natural clinoptilolite sample to absorb water has been investigated by a
novel approach based on electrical measurement, the kinetic of the process has been isothermally
investigated in order to provide an hypothesis about the involved mechanism. The electrical method
is based on the application of a sinusoidal voltage signal of constant amplitude (20Vyp, 5 kHz) to the
clinoptilolite sample surface exposed to an environment with constant moisture (75% by weight)
and the analysis of the temporal evolution of the resulting current signal has provided kinetic
information for the adsorption mechanism formulation. Some effort in using electrical
measurements to achieve information on the zeolite inner structure are reported in literature [15],
however never an electrical method has been used to investigate the kinetics of water
adsorption/desorption in zeolite and these kinetic information used for modeling the adsorption
pathway. The sample surface has been morphologically characterized by scanning electron
microscopy (SEM) before and after a mechanical fracturing aimed to delaminate the compact
mineral structure and show the mineral texture.

2. Materials and Methods

A rectangular slab of natural clinoptilolite was obtained by cutting the raw stone (Technische
Industrie Produkte GmbH, T.LP. Germany) by a diamond saw (electric mini-drill). A two-contact
method was applied for the electrical characterization and silver paint (Enson, EN-06B8) was used for
contacting the sample surface. A sinusoidal voltage signal of 20Vp, and 5kHz was used to bias the
sample surface, this signal was produced by a DDS function generator (GW Instek, SFG-1013), and the
resulting current intensity was measured and recorded by using a True-RMS, 100kHz bandwidth,
micro-ammeter (Brymen, BM869s). The high frequency signal was required to avoid polarization of
electrical contacts. The generator output power was high enough (ca. 40W), to allow to the voltage
signal amplitude to remain practically constant during the full adsorption/desorption experiment. In
fact, in such conditions, the current intensity is directly proportional to the charge carrier (cations)
concentration. The sample was exposed to a constant humidity environment (75% by weight),
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produced by the saturated salt method (wet NaCl, at 25°C) for hydration, while a sealed container,
containing activated (blue) silicagel (that is, silicagel heated in air for 4 h at 120 °C), was used for
sample dehydration.

The microstructure of the cut and fractured natural clinoptilolite sample surface was investigated
by scanning electron microscopy (SEM, FEI Quanta 200 FEG microscope). Mechanical fracturing was
achieved by applying an impact compressive stress (by hammer) to delaminate the compact mineral
structure.

3. Results

The electrical characterization of the sample surface by mean of planar electrodes allows to limit
the measurement of the clinoptilolite electrical property (e.g., current intensity, conductivity, etc.)
approximately to the only surface and immediately sub-surface regions. Therefore, during sample
exposition to a wet atmosphere, the temporal evolution of the surface current intensity is related to
the physical adsorption of water molecules on the sample surface and precisely on: (i) the external
surface of the clinoptilolite crystals and (ii) the exposed inter-granular regions present at the surface
(zeolites are pyroclastic rocks and therefore have a granular structure). SEM investigation of the
surface of a clinoptilolite slab did not clearly evidence the mineral structure (see Figure 1la),
consequently the material was mechanically fractured by applying a compressive stress (hammer) to
cause bulk delamination and the achieved fragments analyzed by SEM. On the other hand, to be
used as desiccant clinoptilolite needs to be in form of powder and therefore morphology has been
investigated also in this form. As visible in Figure 1b, high magnification SEM-micrographs of the
fractured mineral show that it is a finely-graining material of lamellar texture. In particular, it is
made of separated plates with a thickness of 40 nm and the main sizes of a few microns, face-to-face
arranged in blocks, and intergrain fractures, corresponding to mesopores, are present. For a
perfectly dried sample, the water adsorption process should start on cations present at surface of
these intergrain fractures and, only after saturation of these regions, also the external crystal surface
can be involved in the water adsorption process.
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Figure 1. High magnification SEM-micrographs of the clinoptilolite sample surface cut by a diamond
saw (a); and after delamination by mechanical fracturing (b).

In particular, fully desiccated samples were prepared by exposing the zeolitic material to
well-activated silicagel for a few days in a closed container. According to the electrical method, the
current intensity, I, measured during sample hydration, is directly proportional to the relative
concentration of water adsorbed on cations at ¢ time, Qt. The kinetics of water adsorption from a
constant humidity environment (75% by weight) by a perfectly dehydrated piece of natural
clinoptilolite was found to be controlled by a diffusive mechanism. In fact, as visible in Figure 2, the
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concentration of water adsorbed on the surface of the natural clinoptilolite sample increased, during
the exposition to constant humidity environment, linearly with +t.
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Figure 2. Behavior of the current intensity vs. t* during water adsorption by a fully dehydrated
clinoptilolite sample.

Thus, the adsorption process can be described by the simple inter-granular diffusion (id) model:
Qe =kia -t +C, (1)

where kid is a measure of the diffusion coefficient and C is the intra-particle diffusion constant [16].
According to this model, the adsorbate species are transported from the bulk of the gaseous phase to
the solid phase by diffusion and this process is the rate-limiting-step. The linear best fitting
gives: kia = (3.70 + 0.002) 108 A'min?®> and an intercept value of (2.65 + 0.01)-107 A, with a
determination coefficient R = 0.999 (a R-value close to unity indicates the applicability of this model).
The value found for the intercept is related to the average size of the inter-granular fractures [16].
Water molecules can be adsorbed both on cations present in the inter-granular regions
(mesopores) and on those cations present at the crystal external surface. At beginning, owing to the
high diffusion rate, gaseous water near to the sample surface is almost exclusively depleted by an
adsorption process, involving cations present in the inter-granular fractures. Only after that these
regions have been sufficiently saturated by water molecules, the gaseous water can start to be
adsorbed on the external surface of the clinoptilolite crystals. In this case, the electrical method
allows to directly investigate the kinetics of the water-cationic site interaction. Since the adsorbate
water fraction (f), that is, the ratio between the adsorbate concentration at { time and
equilibrium, f= Q/Q, is coincident with the corresponding current intensity ratio, It/Ieq, the electric
data can be used to establish the theoretical model of adsorption. As visible in Figure 3a, the
adsorption process seems to follow the well-known pseudo-first-order irreversible model of
Lagergren [17,18], that can be expressed by using the following linear form:
I —k:[Hz0
Log <1—1—t> =L0g( —QQ—t> = 2_[3023 L¢, ()

eq eq

where k is the rate constant of pseudo-first-order irreversible adsorption (min™). In fact, a plot of
Log(1-It/Ieq) against t has a linear behavior, the R-value (0.99973) close to unity indicates the validity
of the model application, and k can be determined from the slope. In particular, the slope is -0.00191,
and, because the water concentration corresponded to 0.75 by weight, the k value is (5.86 + 0.09)-10-3
min. Owing to the presence of a constant humidity with a quite high value (0.75%), the reverse
process (desorption) does not take place and therefore the irreversible Lagergren model can be
adopted.
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Figure 3. Fitting of the current intensity data by the pseudo-first-order irreversible model of
Lagergren (a); and behavior of the relative current intensity logarithm during water desorption from
a natural clinoptilolite sample (b).

Figure 3b shows the temporal behavior of the relative current intensity logarithm, which
corresponds to the residual adsorbate fraction, f= Qy/Qo= I/Io, during sample dehydration in dry air,
produced by silicagel. Also in this case the reverse process cannot take place during dehydration. As
visible, this quantity follows a linear behavior, thus indicating that the dehydration kinetics is
described by a first-order kinetic model (the R-value is 0.999, thus very close to unity, which
indicates the feasibility of the first-order kinetic model).

Log (1) = Log (&) = 5355, ©)

This type of model is typically observed in molecular release from zeolitic materials [19], and it
corresponds exactly to the reverse of the model found for adsorption, thus confirming it. The slope
of the linear curve gives the specific rate for dehydration in dry air, k', which has a value of (2.027 +
0.003)-102 min™. Since reverse process do not take place during both adsorption and desorption, it is
possible to calculate the equilibrium constant for the hydration process using the values found for
the kinetic constants (K = k/k" = 0.29) and the standard free energy variation can also be calculated
(AG? = -RTInK = 3.02 k] mol?), which is positive, thus indicating that the hydration is not a
spontaneous process.

According to this kinetic analysis, the rate-limiting-step for the adsorption process should
involve a direct interaction between one water molecule and the cation (a pseudo-first-order is
observed because the water concentration is a constant); this process takes place because of the
electrostatic interaction between the water electric dipole moment and the cation electric field
(cation-dipole interaction). However, to explain the promptly observed increase of cation mobility as
a consequence of water adsorption, a second faster elemental step, based on a water molecule
repositioning, should take place too. This second elemental step should involve the displacement of
the water molecule at framework-cation interface to maximize hydrogen bonds interactions, with
consequent weakening of the cation-framework Coulomb interaction and increase of the cation
mobility. Thermodynamic considerations allow to affirm that the adsorbed water is in equilibrium
with environmental moisture and it spontaneously adsorbs/desorbs, depending on the
environmental humidity level.

4. Conclusions

A Kkinetic analysis, based on time-resolved a.c. electrical measurements, has allowed to
formulate an hypothesis on the mechanism of water physical adsorption by zeolites. In particular,
the water adsorption process on the external clinoptilolite crystal surface follows a
pseudo-first-order kinetics, while water desorption from this surface follows a first-order kinetic
behavior. Therefore, an elemental step involving a direct electrostatic interaction between cations
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and water molecules should be involved. On the other hand, in order to explain the strict
dependence of cation mobility on the water adsorption process (increase of the sample electrical
conductivity), a second faster elemental step, involving the water molecule displacement at
framework-cation interface with increase of the cation mobility, could be hypnotized too. Such
transfer of the water molecule takes place for thermodynamic reasons since, when the water
molecule is placed at cation-framework interface, a large number of non-bonding interactions
(electrostatic and hydrogen bonds) become possible.
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