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Preface to ”Zeolites”

Zeolites and zeolite-based materials are characterized by unique physical and chemical

properties that can be used for numerous and important applications. These properties arise directly

from their specific structure, i.e., the system of channels and chambers characterized by well-defined

molecular dimensions. If thermal stability, chemical resistance, the possibility of generating active

sites, and sorption and ion-exchange properties are taken into account, it is not surprising that zeolites

play an extremely important role in various applications of chemical technology, and their importance

continues to increase.

This Special Issue aims to attract original contributions in topics related to zeolites, covering

aspects such as the origin of such materials, their characterization, and their applications in different

areas. It presents reports on the unique methods of synthesis of zeolites and improvement of existing

ones, as well as structural characterization and their potential use in various fields. I believe that this

collection outlines the current state of the art in the field of zeolitic materials and will become a source

of new ideas resulting in the development of this group of minerals.

I would like to thank the contributing authors and colleagues acting as peer reviewers for their

efforts in preparing high-quality manuscripts.

Magdalena Król, Paulina Florek

Editors
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Abstract: This brief review article describes the structure, properties and applications of natural and
synthetic zeolites, with particular emphasis on zeolites obtained from natural or waste materials.
Certainly, such short work does not exhaust the complexity of the problem, but it sheds light on some
outstanding issues on this subject.

Keywords: natural zeolite; zeolite synthesis; zeolite characterization; zeolite application

1. What Are Zeolites?

Zeolites can be defined in two ways. They are hydrated tectoaluminosilicates with the general
formula [1,2]:

MxM’yNz [TmT’n . . . O2(m+n)-ε (OH)2z] (OH)br (aq)p · qQ, (1)

where M, M’ are exchangeable and non-exchangeable cations, respectively; N are non-metallic cations
(generally removable on heating); (aq) represents chemically bonded water (or other strongly held
ligands of T-atoms); Q are sorbate molecules; T, T’ are Si and Al, but also Be, B, Ga, Ge and P,
among others. This formula is particularly useful when describing natural zeolites [2], but also those
synthesized from natural or waste materials, due to their complex chemical composition.

On the other hand, zeolites can be more graphically, as shown in Figure 1, defined as crystalline
inorganic polymers consisting of [SiO4] and [AlO4] tetrahedra, having the structure filled ions and
water molecules, having great freedom of movement.

M’ T’ …O –ε

where M, M’

T, T’

. 







Figure 1. Scheme of zeolite structure.

The specific structure of the zeolites gives them a number of unique properties. The most important
regarding potential uses include [3,4]:

• Low density and large volume of free spaces;
• The existence of channels and chambers of strictly defined dimensions (shape-selectivity);
• High degree of hydration and the presence of so-called "zeolite water";
• High degree of crystallinity;
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• Possibility of sorption of molecules and ions;
• Ion exchange capacity;
• Catalytic properties.

These properties, caused by zeolites, arouse great interest among chemists, technologists and
mineralogists. Although it may seem that the years of the most intensive research on this group of
minerals have already passed, interest in them is not decreasing. Constantly conducted research
on the specific properties of zeolites show comprehensive possibilities of using this type of mineral,
as shown in Figure 2. Of course, all applications of zeolites cannot be mentioned (only examples will be
presented in this paper), but even those presented, for example, give a picture of the great importance
of zeolites in various applications. In addition, other properties and possibilities of practical use are
being discovered.




eing discovered. 

 

–

Figure 2. Zeolite applications.

2. Natural Zeolites

Natural zeolites are hydrothermal and of mainly volcanic origin. They can occur both in
crystallized forms found in igneous and metamorphic rocks, as well as in grains of smaller diameters
accumulated in sedimentary rocks [5]. Ocean bottom sediments are relatively huge and rich in zeolites,
but these deposits are so far inaccessible to humans. However, these minerals may also constitute
important components of tuffs or clay. Such surface retention of zeolite sediments, and therefore
relatively simple mining using the opencast method, creates perfect conditions for their wider use.
It should be mentioned here that the zeolites naturally occurring in nature, possessing operational
significance, are: clinoptilolite; mordenite; chabazite.

Application Examples

Natural zeolites have a high selectivity for heavy metal ions [6–8] and ammonium ions [9]. Thus,
zeolites have found important uses in environmental protection and agriculture. Wastewater treatment
from heavy metal ions [10,11] or radioactive isotopes [12] can take place in sorption columns filled
with zeolite. Ammonium ions contained in municipal, industrial and agricultural wastes can also

2
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be removed in a similar way [13]. In agriculture, zeolites can be used as carriers of agrochemical
compounds, in the treatment of soil and fish ponds and as a feed additive [2,14]. Attempts to modify
the structure to give them catalytic [15] or antibacterial [16] properties are also made. After all, they are
also widely used in many households as pet litter.

On the other hand, natural zeolites have limited applications in industry because, as already
mentioned, their properties are strictly dependent on their crystal structure. The main disadvantage is
that the channel diameters are too small (in the case of clinoptilolite, which is the most common in
nature, it is 0.30–4 nm [17]), which do not allow for the adsorption of larger gas molecules and organic
compounds. In addition, zeolite deposits are a non-renewable resource. The need for the synthesis of
molecular sieves and adsorbents with very specific parameters means that numerous attempts were
made to obtain zeolites in the laboratory.

3. Synthetic Zeolites

Zeolites have been recognized as minerals of natural origin, but currently more than one hundred
different types of zeolite structures are known which can be obtained synthetically [17]. Under natural
conditions zeolites were formed as a result of the reaction of volcanic ash with the waters of the basic
lakes. This process lasted several thousand years. In laboratory conditions, an attempt can be made to
imitate hydrothermal processes using elevated temperature or pressure and using natural raw materials
and/or synthetic silicates. The synthesis reaction requires appropriate equipment, clean substrates
and energy. As a result, the price of the product may be much higher than the price of natural zeolite.
Therefore, research often focuses on the search for cheaper and available substrates for the production
of zeolites, while striving to reduce the cost of the reaction itself. The current trends in research on the
synthesis of zeolites are shaped by environmental aspects, which implies the use of natural or waste
raw materials for this purpose.

3.1. Substrates and Products

Various natural silica carriers, such as clay minerals (kaoline [18–20], haloisite [20,21]),
volcanic glasses (perlite [22–24], pumice [25]) or diatomites [26], are used in zeolite synthesis. On the
other hand, zeolites are widely obtained from aluminosilicate waste materials, such as fly ash [27–29],
rice husk [30] or expanded perlite waste [31].

Of course, synthesis using raw materials with a complex chemical composition will not give the
product 100% purity and zeolites obtained in this way are excluded from many important commercial
applications; however, the use of natural raw materials for the production of zeolites has economic
advantages when compared with the use of synthetic substrates.

3.2. Synthesis Methods

The oldest of the works on the synthesis of aluminosilicates under hydrothermal conditions dates
back to the 1950s of the last century [32]. They show that, by heating the aluminosilicate raw materials
in the presence of alkaline solutions within a few hours or days, depending on the type of raw materials
and process conditions (temperature, pressure), a final product can be obtained. Today, many different
methods for the synthesis of zeolites are known. The most important of them should be mentioned:

• Hydrothermal synthesis (at normal or elevated pressure);
• Molten salt method [33];
• Fusion method [34];
• Alkali activation [35–37];
• Microwave-assisted synthesis [38];
• Synthesis by dialysis [39].

The first method is relatively commonly used. This process generally reflects the natural conditions
in which rocks containing zeolite minerals were formed. Hydrothermal (80–350 ◦C) synthesis of

3
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zeolites requires the supply of components that are a source of Si and Al, followed by treatment with an
alkaline solution (pH > 8.5). The reactions, during which processes such as dissolution, condensation,
gelatinization and crystallization take place [40] are carried out in autoclaves, are often at elevated
pressure. The appropriate control of process parameters favors the formation of desired products.

The estimated cost of zeolite material obtained by the above methods is between natural and
synthetic zeolite. However, taking into account the fact that fees for the storage and utilization of
waste will probably increase, the implementation of one of these technologies may prove to be the
most cost-effective solution.

3.3. Zolitization Products

Synthetic zeolites, as with natural ones, are diverse in structure and properties. This is
influenced by the composition of the raw materials and the synthesis conditions. As mentioned above,
the crystallization of individual types of zeolites is a function of such parameters as reaction time,
temperature and pressure, as well as the chemical composition of the reaction mixture, including the
concentration of reagents [41]. The type of phases formed in such systems is relatively well known.
At high temperatures and at elevated pressure, mainly analcime, as shown in Figure 3a, zeolite Na-P1,
as shown in Figure 3b, and hydroxysodalite, as shown in Figure 3c, in various quantitative proportions
are obtained, depending on the synthesis parameters. At temperatures <100 ◦C, zeolite X, as shown in
Figure 4a, Na-P1 zeolite, as shown in Figure 4b, and hydroxysodalite can be obtained. In addition,
zeolite A can be obtained in reaction systems with a high proportion of aluminum (Si/Al < 1), as shown
in Figure 4c. A less frequently used fusion method leads to the synthesis of sodalite and cancrite.

 

(a) 

 

(b) 

 

(c) 

Figure 3. Microstructures of zeolites obtained in hydrothermal conditions at elevated pressure:
(a) analcime; (b) zeolite Na-P1; (c) hydroxysodalite.

 

(a) 

 

(b) 

 

(c) 

Figure 4. Microstructures of zeolites obtained in hydrothermal conditions at low temperatures (<100 ◦C):
(a) zeolite X; (b) zeolite Na-P1; (c) zeolite A.

It is worth noting that, when comparing the microstructures of materials obtained under different
conditions, it can be stated that, at low temperatures, crystallites of smaller sizes and less developed
morphology are formed.
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From a practical point of view, zeolites with a larger pore size are more useful. Hence, in order
to obtain material with good sorption properties, it is important to choose process parameters that
promote the formation of zeolite X or zeolite Na-P1. The possibility of obtaining other zeolite phases
can be regulated by the addition of organic templates, which generate higher process costs.

An important ecological approach is planning the synthesis conditions in such a way as to limit
the production of highly alkaline wastewater.

3.4. Benefits of Synthetic Zeolite

Numerous scientific studies confirm the benefits of synthetic zeolites compared to natural ones.
The efficiency of natural zeolites in the removal of radioactive waste from the environment (Cs and Sr
radionuclides) was found to be lower than that of synthetic zeolites [42,43]. Synthetic zeolites also
show much higher adsorption capacity for heavy metal ions (eg. Cd2+, Pb2+, Zn2+, Cu2+, Ni2+, Cr3+)
than the natural zeolites [44,45].

Another advantage of synthetic zeolites over natural ones is the significantly larger pore size.
This allows for the sorption of larger molecules, which extends the range of potential applications.
For example, it was found that synthetic zeolites have two-times higher oil sorption capacities than
the natural clinoptilolite, so synthetic zeolites are a promising alternative for natural mineral sorbents
for land-based petroleum spills cleanup [46]. Furthermore, zeolites with smaller pore sizes, used as
catalysts, suffer from pore blockage and ultimately poisoning and deactivation, while zeolites with
large interconnected channels remain stable much longer in reactions [47].

During the synthesis of zeolites, the Al content can be adjusted. Zeolites with low Si/Al ratio are
much more polar and thus exhibit stronger sorption capacities. Zeolites with high silicon content are also
characterized by greater power of active centers, which promotes them for catalytic applications [48].
On the other hand, high silica zeolites have a more homogeneous surface characteristic and exhibit
hydrophobic properties. They have been used in reactions in which resulting water poisons the acid
sites of the catalysts [49].

It should be noted that the synthetic zeolites are not without disadvantages. The worrisome
problem is that synthetic zeolites are mostly in the form of finely grained crystalline and highly
dispersive powder (single crystals have a size to a few microns), which certainly limits their use.
For natural zeolites, after mining the deposit, isolation processes, such as crushing and pellet formation,
are usually used to obtain zeolites in usable form. In contrast, the synthetic ones can be used in the
form of hard, wear-resistant granules. There are many reports related to receiving zeolite granulates,
but for the most part they are not yet used in practical applications.

4. Summary

In agreement with the scientific evidence presented in the related literature so far, it can be generally
stated that both sedimentary rocks containing zeolites and zeolites synthesized from aluminosilicate
raw materials may be regarded as useful for many industries, including agriculture and environmental
protection. Synthetic zeolites are the major alternate materials to natural ones. Synthetic zeolites
can tailor physical and chemical characteristics to serve many applications more closely and they
are more uniform in quality than their natural equivalent. However, conclusive statements on the
exact applications and benefits of clay- and waste-based zeolites should be carefully investigated and
analyzed for each specific material as the mechanisms of action correlate with the specific material’s
physical and chemical properties.

Due to the different origins of substrates and different methods of synthesis, the products have
various chemical and phase compositions. Constantly conducted research on the specific properties of
zeolites show comprehensive possibilities of using this type of mineral. Further research is necessary
to tackle yet undetermined topics, such as:

• Accurate analysis of used raw material composition;

5
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• Selection of appropriate parameters of zeolite synthesis;
• Comprehensive structural characterization of zeolites;
• Potential modification of zeolites to improve their properties;
• Zeolite granulation;
• Assessment of ion exchange and sorption potential;
• Behavior and mechanisms in zeolite-catalyzed reactions.

Additional comprehension of the above problems will allow advances in the applicability of zeolites
in providing new low cost, eco-friendly solutions to industrial, agricultural or everyday applications.

Funding: This work was partially supported by The National Science Centre Poland under grant no. 2016/
21/D/ST8/01692.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Willhendersonite is a rare zeolite, with very few occurrences reported globally (Terni
Province, Italy; the Eifel Region, Germany; Styria, Austria). Moreover, the data available from these
sites are very limited and do not allow a detailed picture of this zeolite’s mineralogical and chemical
characteristics. In this work, a new willhendersonite occurrence is reported from the Tertiary volcanic
rocks of the Lessini Mounts, northern Italy. Morphology, mineralogy and chemical composition of
selected crystals were studied by scanning electron microscopy (SEM), energy-dispersive X-ray (EDX),
X-ray Diffraction (XRD), and electron probe microanalyser (EPMA). Willhendersonite occurs within
basanitic rocks as isolated, colorless, transparent crystals with prismatic to flattened morphologies.
Individual crystals often grow together to form small elongated clusters and trellis-like aggregates.
The diffraction pattern exhibits 33 well-resolved diffraction peaks, all of which can be indexed to a
triclinic cell with unit cell parameters a = 9.239(2) Å; b = 9.221(2) Å; and c = 9.496(2) Å, α = 92.324(2)◦,
β = 92.677(2)◦, γ = 89.992◦ (Space Group P1). The chemical data point to significant variability
from Ca-rich willhendersonite (K0.23Na0.03)Σ=0,26Ca1.24 (Si3.06Al3,00Fe3+

0.01)Σ=6,07 O12·5H2O) to Ca-
K terms (K0.94Na0.01)Σ=0,95Ca0.99 (Si3.07Al2.93Fe3+

0.00)Σ=6,00O12·5H2O). Willhendersonite from the
Lessini Mounts highlights the existence of an isomorphous series between the Ca-pure crystals and
Ca-K compositions, possibly extended up to a potassic end-member.

Keywords: willhendersonite; chabazite; zeolites; Lessini Mounts

1. Introduction

Willhendersonite was first described by Peacor et al. [1], who studied specimens from
mafic potassic lava at San Venanzo (Terni, Italy) and from a limestone xenolith within basalt
at Mayen (Eifel area, Germany). Both these samples correspond to the schematic chemi-
cal formula CaKAl3Si3O12·5H2O, with space group P1 and unit cell parameters a = 9.206;
b = 9.216; and c = 9.500 Å, α = 92.34, β = 92.70, γ = 90.12◦ [1,2]. Structural investigations [2,3]
on single crystals from the German locality revealed the close structural relationship to
chabazite, CaAl2Si4O12·6H2O, which has the same framework topology with framework
type code CHA (chabazite, willhendersonite [4–6]). However, the Si/Al ordering leads to a
reduction of the framework symmetry from topological R3m to topochemical R3. Moreover,
the presence of different degrees of ordering (Si,Al) and the position of extra-framework
cations and water molecules further reduce the real symmetry to P1 [2,7,8]. A further occur-
rence was reported by Walter et al. [9] from Wilhelmsdorf (Styria, Austria), and a chemical
and crystallographic description of a Ca-rich willhendersonite from a melilitite plug at
Colle Fabbri, a second locality within the volcanic rocks of the Terni province, was given by
Vezzalini et al. [10]. Recently, single crystals of willhendersonite from Bellerberg (eastern
Eifel District, Germany) were studied by X-ray diffraction methods between 100 and 500 ◦K,
showing a phase transition from triclinic to rhombohedral symmetry [11]. These changes
in the framework are accompanied by migration of cations, partly assuming unfavorably
low coordinations in the high-temperature structure due to the loss of H2O molecules. Re-
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hydration at room temperature yields the triclinic structure of willhendersonite, although
the single crystals become polysynthetically twinned [11].

Willhendersonite from Terni was chemically analyzed by Peacor et al. [1]. The data
yield the empirical formula, based on 12 oxygens of K0.90Ca1.01Al2.93Si3.08O12·5.43H2O,
which compares favorably with the ideal formula KCaAl3Si3O12·5H2O (Z = 2). A large
number of crystals from Colle Fabbri were chemically analyzed by Vezzalini et al. [10]. The
obtained data showed chemical variability ranging from the holotype sample composition
(CaKAl3Si3O12·5H2O), through intermediate compositions, to a Ca-pure term. The most
common Ca/Ca + K ratio among the different varieties ranges from 1.0 to 0.9 and represents
Ca-pure terms. The ratio 0.6 to 0.5, which is similar to that reported in the literature for
willhendersonite from San Venanzo, is also quite common. The rarest compositions are the
intermediate ones. The value of R is always close to 0.50, with calcium as the dominant
extra-framework cation (0.98–1.54 apfu) [10]. The potassium content is relevant in samples
from San Venanzo and Mayen (0.9 apfu and 0.74 apfu, respectively) but is very low (0.03
to 0.30 apfu) in the sample from Colle Fabbri [1,10]. In any case, all the data available
in the literature for this zeolite come from only three areas (Terni, Styria, and Eifel). For
this reason, it is of great importance to increase the amount of data, finding crystals of
willhendersonite also in other locations.

The Tertiary basalts of the Lessini Mounts (Veneto Volcanic Province, Northern Italy)
are known as suitable host rocks for the growth of secondary mineral associations [12].
Zeolites such as gmelinite, analcime, chabazite, and phillipsite have already been observed
in the basaltic rock of Monte Calvarina [13]. Chabazite, phillipsite, harmotome, and
analcime were discovered in the vugs of volcanite outcropping near Fittà [14]. Fibrous
erionite and offretite with potential toxicological implications have been recently discovered
in several localities of the Lessini Mounts [12,15–18]. Among these common zeolites,
rare species such as willhendersonite and yugawaralite were recently found in northern
Italy [12]. This study aims to present a mineralogical and chemical characterization of
willhendersonite, found for the first time within vesicles of the basanitic rocks in the
Lessini Mounts.

2. Geological Background

The Veneto Volcanic Province (Northern Italy) covers an area of about 2000 km2 (Figure 1)
and is the result of extensive volcanic activity that occurred from the Tertiary [19–21]. Several
magmatic pulses occurred between the Late Paleocene and the Miocene, with the most
significant part of the eruptions taking place in submarine environments [19–22]. The
Veneto Volcanic Province can be subdivided into four main volcanic districts based on
different tectono-magmatic features (Figure 1). They are the Lessini Mounts, the Marostica
Hills, the Berici Hills, and the Euganean Hills. The main products are volcaniclastic rocks,
hyaloclastites, pillow lavas, and lava flows of a mafic to ultramafic composition. Rocks of
more acidic compositions are rare and only occur in the Euganean Hills.

The Lessini Mounts are located within an NNW-trending extensional structure, namely
the Alpone-Agno graben [23,24], bounded to the west by the NNW-SSE Castelvero normal
fault (Figure 1). The volcanic sequence of the Lessini Mounts has a thickness of up to 400
m and is mainly represented by tuffs and lava flows, with several column-jointing eruptive
necks and subordinate hyaloclastites and pillow lavas. The most abundant rock-types
are basanites and alkali olivine basalts, while transitional basalts, tholeiites, nephelinite,
hawaiites, trachy-basalts, and basaltic andesites are less abundant [20,21,25]. Petrological
and geochemical data [20,21,25,26] indicate a within-continental-plate character for the
magmatism in agreement with regional geodynamics, which places this magmatism in a
context dominated by a tensional system.

Most of the Lessini volcanic rocks are often deeply weathered and show cavities
and vugs of variable sizes that are almost always lined by a thin, microcrystalline crust,
which is the substratum of well-shaped, secondary minerals [12]. The secondary phases
are mainly zeolites and clay minerals, which represent ~90 vol.% of the total secondary
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minerals; other silicates (apophyllite, gyrolite, prehnite, pectolite) are very rare, as are
oxides (quartz) and carbonates (calcite, aragonite). Clay minerals are generally the first
minerals that precipitated along the walls, whereas the core of the vesicles commonly
contains well-shaped zeolites. The coating thickness is usually less than 0.5 mm, while
the zeolite crystals range in size from <1 mm to 1 cm. Typical vesicle infillings consist of
chabazite, phillipsite-harmotome, analcime, natrolite, gmelinite, and offretite, and these
are the most represented types. Heulandite, stilbite, and erionite are less common, whereas
willhendersonite and yugawaralite are very rare zeolite species.
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3. Materials and Methods

The investigated crystals were obtained from a suite of more than 300 samples of
volcanic rocks from Lessini Mounts, Italy. The zeolite willhendersonite can be found in
small cavities of basanitic rocks predominantly filled by chabazite and clay minerals.

Willhendersonite crystals were initially recognized from their physical properties
using a binocular microscope, (Nikon TK-1270E, Tokyo, Japan) while powder X-ray diffrac-
tion (XRD) was used to confirm their mineralogical composition. Pure crystals were
selected from each sample and extracted from the matrix under a binocular microscope.
The separated crystals were carefully cleaned and repeatedly treated in an ultrasonic bath
to remove any impurities and the microspheres of clay minerals already observed during
the microscopic investigations. After cleaning, an aliquot of the separated crystals was
carefully pulverized in an agate mortar. All of the powder samples were prepared by
side-loading an aluminum holders to obtain a quasi-random orientation. The XRD patterns
were recorded using a Philips X’Change PW 1830 X-ray diffractometer (Philips X’PERT,
Malvern Panalytical, Almelo, The Netherlands); Cu Kα radiation), with a monochromator
on secondary optics. The samples were run between 2◦ and 65◦ 2θ. The analytical con-
ditions were a 35 kV accelerating potential, a 30 mA filament current, a 0.02◦ step, and a
counting time of 1 s/step.

Morphological observations and semi-quantitative chemical compositions were per-
formed by Scanning Electron Microscopy (SEM) and Energy Dispersion Spectroscopy

11



Crystals 2021, 11, 109

(EDS) using a Philips 515 equipped with EDAX 9900 (Eindhoven, The Netherlands) and
a Jeol 6400 (Jeol, Japan) with an Oxford Link Isis. The operating conditions were a 15 kV
accelerating potential and a 2 to 15 nA beam current. A defocused electron beam and a
shortened accumulation time (from 100 s down to 50 s) were used to minimize the alkaline
metals’ migration. The standards used were natural minerals and synthetic phases.

Quantitative chemical compositions were determined by an Electron Probe Microanal-
yser (EPMA), a CAMECA Camebax 799 (Cameca sas, cedex, France), on the other aliquot
of the previously separated and cleaned crystals, fixed with epoxy resin on polished thin
sections. Operating conditions were 15 kV and 15 nA using the wavelength-dispersive
method; errors were ±2–5% for major and ±5–10% for minor components. Standards
comprised a series of pure elements, simple oxides, or simple silicate compositions. The
analyses were selected on the basis of their low E% value (E% is the balance error of the
electrical charges: [Al − (K + 2Ca)]/(K + 2Ca) [27]). Zeolites with an E% > 10 were rejected.

4. Results

In the Lessini basanitic rocks, willhendersonite generally occurs as euhedral to subhe-
dral small crystals (about 0.1–0.2 mm) with a prismatic, tabular, and flattened morphology
on {001}, often with rectangular sections. Individual crystals often grow together to form
small elongated clusters of characteristic twinned combinations (Figure 2). In these twinned
aggregates, the crystals grow in three diverse orientations, each with faces nearly perpendic-
ular to those of the others, which typically leads to the so-called “trellis-like” aggregates [1].
The crystals are colorless and perfectly transparent, with vitreous luster on crystal faces.
The cleavage is perfect, parallel to {100}, {010}, and {001}. These three cleavage planes are
equivalent to the rhombohedral cleavage of isostructural chabazite. Willhendersonite from
the Lessini Mounts grows on a substrate mainly consisting of clay minerals. These latter
typically form layers along the walls of pore spaces with botryoidal habits and appear in a
wide range of colors varying from white, pink, yellow, brown, and green to black. Clay
minerals are also present as micrometric spherules of a characteristic green-blue to red
color, corresponding to saponite composition with a tri-octahedral structure [12].
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Figure 2. Willhendersonite from the Lessini Mounts: (a) stereomicroscopic image of colorless, trans-
parent individual crystals of willhendersonite (WIL) associated to form small elongated clusters
and grown on clay minerals; (b) SEM photomicrograph of willhendersonite twinned crystal aggre-
gates (WIL) on a substrate of clay minerals with botryoidal shape and micrometric spherules of
tri-octahedral saponite.

Powder X-ray diffraction data of separated willhendersonite crystals are listed in
Table 1, while their diffraction pattern is shown in Figure 3. The unit-cell parameters of
willhendersonite were determined by least-squares refinement of powder-diffractometer
data, which was carried out in the space group P1 starting from the positional parameters
of the framework atoms by Tillmanns et al. [2]. High-purity quartz (a = 4.9137, c = 5.4053 Å)
has been used for the refinement as an internal standard. The diffraction pattern exhibits
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33 well-resolved diffraction peaks, all of which can be indexed to a triclinic cell with
unit cell parameters a = 9.239(2) Å; b = 9.221(2) Å; and c = 9.496(2) Å, α = 92.324(2)◦,
β = 92.677(2)◦, γ = 89.992◦ (Space Group P1). The diffractogram perfectly fits that of the
holotype willhendersonite and does not show other peaks relating to impurities, testifying
to the purity of the analyzed crystals.

Table 1. X-ray powder diffraction data for willhendersonite from the Lessini Mounts.

2 Theta I/Io d (Å) h k l 2 Theta I/Io d (Å) h k l

9.32 34.77 9.4789 0 0 1 27.36 6.15 3.2601 −2 2 0
9.61 97.78 9.1915 0 1 0 28.89 6.17 3.0871 0 0 3
9.64 100 9.1591 1 0 0 29.47 20.59 3.0275 1 2 2

13.63 13.46 6.4914 1 1 0 30.04 22.37 2.9664 1 0 3
17.11 23.01 5.1774 1 1 1 30.75 56.75 2.9054 −1 −1 3
18.83 9.99 4.7407 0 0 2 31.42 8.74 2.8458 0 3 1
19.41 10.24 4.5979 2 0 0 31.77 15.93 2.8171 3 0 1
20.72 15.93 4.2871 0 −1 2 31.91 35.21 2.8028 −3 1 1
21.72 27.29 4.0873 −1 2 0 34.86 9.71 2.5741 −2 −2 2
21.68 25.71 4.1202 −2 1 0 35.47 15.13 2.5201 1 −3 2
22.63 16.21 3.9247 −1 −1 2 36.86 7.21 2.4384 1 2 3
23.16 23.16 3.8546 −2 −1 1 39.46 7.05 2.2814 −1 −1 4
23.46 25.29 3.8262 1 −1 2 41.55 8.75 2.1717 −3 3 0
23.86 17.57 3.7104 −1 2 1 44.22 6.95 2.0464 −4 1 2
23.96 15.76 3.7461 2 −1 1 49.47 6.97 1.8408 0 1 5
26.36 7.09 3.3813 −2 0 2 54.53 7.26 1.6863 0 −4 4
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Mounts. All the diffraction peaks refer to willhendersonite. 
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fully cleaned, and analyzed for chemical composition. The resultant analyses are pre-
sented in Tables 2 and 3. The collected chemical data show significant variability, mainly 

Figure 3. X-ray powder diffraction pattern for willhendersonite from the Lessini Mounts. All the
diffraction peaks refer to willhendersonite.

A representative number of crystals from different specimens were extracted, carefully
cleaned, and analyzed for chemical composition. The resultant analyses are presented
in Tables 2 and 3. The collected chemical data show significant variability, mainly in the
extra-framework cation content. Based on the Ca/(Ca + K) ratio, two different groups of
crystals can be distinguished.

The first group of crystals correspond to a Ca-rich willhendersonite (Table 2), with an
average chemical composition of (K0.29Na0.03)Σ=0,32Ca1.24(Si3.06Al3,00Fe3+

0.01)Σ=6,07O12·5H2O).
The Ca/(Ca + K) ratio varies from 0.78 to 0.84 (average 0.81) and calcium is the dominant
extra-framework cation (1.21–1.29 apfu), while potassium is very low (0.24–0.34 apfu) and
the sodium is always <0.1 apfu.
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Crystals of the second group are Ca-K willhendersonite (Table 3) and are characterized
by an average chemical composition of (K0.94Na0.01)Σ=0,95Ca0.99(Si3.07Al2.93Fe3+

0.00)Σ=6,00
O12·5H2O). They have a Ca/(Ca + K) ratio in the range of 0.49–0.54 (average 0.51), with
significant calcium (1.04–0.96 apfu) and potassium (0.9–0.98 apfu) contents, while the
sodium is always <0.1 apfu. For all samples, the tetrahedral content R (R = Si/(Si + Al)) is
near to 0.50 (average 0.51).

Table 2. Representative chemical compositions of Ca-rich willhendersonite from Lessini Mounts. * The H2O content
is calculated by difference to 100; Mg, Sr, and Ba were checked but were always below the detection limit; E% is the
balance error of the electrical charges: [Al − (K + 2Ca)]/(K + 2Ca); R is the tetrahedral content (Si/(Si + Al)) and St-d is
standard deviation.

WIL1 WIL2 WIL5 WIL8 WIL9 WIL10 WIL14 WIL15 WIL19 WIL20 Average St-d

Ca-rich willhendersonite
SiO2 35.34 35.31 34.68 35.12 35.74 34.99 35.51 35.73 34.85 34.88 35.22 0.37
Al2O3 29.41 29.31 29.55 29.16 28.89 29.13 29.45 28.87 29.46 29.44 29.27 0.24
K2O 2.75 2.65 2.88 2.31 2.55 3.01 2.13 2.65 2.45 2.56 2.59 0.26
CaO 13.24 13.36 13.75 13.84 13.01 12.96 13.22 13.24 13.45 13.35 13.34 0.28
Na2O 0.15 0.27 0.13 0.37 0.25 0.25 0.12 0.18 0.12 0.15 0.20 0.08
Fe2O3 0.12 0.08 0.11 0.2 0.08 0.05 0.12 0.11 0.05 0.04 0.10 0.05
H2O * 18.99 19.02 18.90 19.00 19.48 19.61 19.45 19.22 19.62 19.58 19.29 0.29
Total 81.01 80.98 81.10 81.00 80.52 80.39 80.55 80.78 80.38 80.42 80.79 0.27

Cation on the basis of 12 framework oxygens Average St-d
Si 3.05 3.05 3.05 3.04 3.13 3.05 3.07 3.09 3.03 3.04 3.06 0.03
Al 3.00 2.99 3.06 2.97 2.99 2.99 3.00 2.94 3.02 3.09 3.00 0.04
Fe3+ 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00
ΣT 6.06 6.04 6.11 6.03 6.12 6.05 6.08 6.04 6.06 6.13 6.07 0.04
Ca 1.23 1.24 1.29 1.28 1.22 1.21 1.22 1.23 1.25 1.24 1.24 0.03
K 0.30 0.29 0.31 0.26 0.29 0.34 0.24 0.29 0.27 0.28 0.29 0.03
Na 0.03 0.05 0.02 0.06 0.04 0.04 0.02 0.03 0.02 0.03 0.03 0.01
ΣC 1.55 1.58 1.63 1.60 1.55 1.59 1.48 1.55 1.55 1.55 1.56 0.04
Total 7.61 7.62 7.74 7.63 7.68 7.64 7.56 7.59 7.60 7.68 7.63 0.06
E% 0.09 0.08 0.05 0.05 0.09 0.09 0.12 0.07 0.09 0.11
Ca/(Ca + K) 0.80 0.81 0.81 0.83 0.81 0.78 0.84 0.81 0.82 0.81 0.81 0.02
R 0.50 0.51 0.50 0.51 0.51 0.50 0.51 0.51 0.50 0.50 0.51 0.00

Table 3. Representative chemical compositions of Ca-K willhendersonite from Lessini Mounts. * The H2O content is
calculated by difference to 100; Mg, Sr, and Ba were checked but were always below the detection limit; E% is the
balance error of the electrical charges: [Al − (K + 2Ca)]/(K + 2Ca); R is the tetrahedral content (Si/(Si + Al)) and St-d is
standard deviation.

WIL4 WIL7 WIL12 WIL13 WIL22 WIL23 WIL24 WIL27 WIL29 WIL31 Average St-d

Ca-K willhendersonite
SiO2 34.81 34.45 34.86 34.91 34.23 34.57 35.02 34.96 35.12 34.82 34.78 0.28
Al2O3 28.12 28.42 28.09 28.02 28.66 28.38 27.86 27.98 27.87 28.46 28.19 0.28
K2O 8.11 8.45 8.66 8.12 7.99 8.13 8.55 8.71 8.05 8.44 8.32 0.27
CaO 10.75 10.42 10.25 10.77 11.02 10.79 10.35 10.16 10.22 10.46 10.52 0.29
Na2O 0.04 0.05 0.02 0.04 0.01 0.06 0.08 0.04 0.04 0.01 0.04 0.02
Fe2O3 0.05 0.01 0.02 0.04 0.05 0.01 0.03 0.06 0.01 0.01 0.03 0.02
H2O * 18.12 18.20 18.10 18.10 18.04 18.06 18.11 18.09 18.69 17.80 18.13 0.22
Total 81.88 81.80 81.90 81.90 81.96 81.94 81.89 81.91 81.31 82.20 81.87 0.22
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Table 3. Cont.

WIL4 WIL7 WIL12 WIL13 WIL22 WIL23 WIL24 WIL27 WIL29 WIL31 Average St-d

Cation on the basis of 12 framework oxygens Average St-d
Si 3.07 3.05 3.08 3.08 3.02 3.05 3.09 3.09 3.11 3.06 3.07 0.03
Al 2.92 2.96 2.92 2.91 2.98 2.95 2.90 2.91 2.91 2.95 2.93 0.03
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ΣT 5.99 6.01 6.00 5.99 6.00 6.00 5.99 6.00 6.01 6.01 6.00 0.01
Ca 1.02 0.99 0.97 1.02 1.04 1.02 0.98 0.96 0.97 0.99 0.99 0.03
K 0.91 0.95 0.98 0.91 0.90 0.91 0.96 0.98 0.91 0.95 0.94 0.03
Na 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00
ΣC 1.93 1.95 1.95 1.94 1.94 1.94 1.96 1.95 1.89 1.93 1.94 0.02
Total 7.93 7.96 7.95 7.93 7.94 7.94 7.95 7.95 7.90 7.94 7.94 0.02
E% −0.01 0.01 0.00 −0.01 0.00 0.00 −0.01 0.00 0.02 0.01
Ca/(Ca + K) 0.53 0.51 0.50 0.53 0.54 0.53 0.50 0.49 0.52 0.51 0.51 0.01
R 0.51 0.51 0.51 0.51 0.50 0.51 0.52 0.51 0.52 0.51 0.51 0.00

5. Discussion and Conclusions

Alteration phenomena in the basaltic rocks from the Lessini Mounts resulted in dis-
tinctive secondary mineral assemblages representing a multi-stage hydrothermal alteration
process [12]. The occurrence of secondary minerals, their frequency, and their associations
may be significantly different on both the outcrop- and sample-scale, with variability that
can be in the order of a few centimeters. In the earliest stages, clay and silica minerals
precipitate along the vesicles’ inner walls, followed by the fine-grained zeolites erionite,
offretite, analcime, natrolite, heulandite, and stilbite. The final stage is marked by the large,
well-shaped zeolites (phillipsite-harmotomo, gmelinite, chabazite) associated with rare
zeolites yugawaralite and willhendersonite. In particular, as regards willhendersonite, it
is important to remember that, in the world, only three finds of this zeolite are reported
(Terni, Eifel, Styria), and the data available in the literature are very few (practically absent
for that of Styria). The morphological and chemical data presented here aim to implement
this rare zeolite knowledge, found for the first time in northern Italy.

Willhendersonite from the Lessini Mounts is morphologically very similar to that of
the other three known localities. Crystals are colorless, transparent, and mainly tabular and
flattened, and they are often twinned to form trellis-like intergrowths. The cleavages are
perfect, well developed, and parallel to {100}, {010}, and {001}, as indexed on the triclinic cell.

The calculated cell parameters’ values were found to be relatively consistent with
literature data (Table 4). In particular, unit-cell values of willhendersonite from Lessini are
very similar to the Mayen and Bellberg samples, while those from Terni and Styria show
slightly lower unit-cell parameters. No significant differences were found in the unit-cell
parameters with respect to the holotype willhendersonite studied by Tillmanns et al. [2].

Table 4. Unit-cell parameters of willhendersonite from the Lessin Mounts, compared with literature
data. Values of estimated standard deviations are given in parentheses.

a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) V (Å3)

Lessini (this work) 9.239(2) 9.221(2) 9.496(2) 92.324(2) 92.677(2) 89.992(2) 808.9(5)
Literature data
Terni [1] 9.138 9.178 9.477 92.31 92.50 90.05 793.4
Terni [10] 9.180(3) 9.197(3) 9.440(3) 91.42(2) 91.72(2) 90.05(2) 796.4(5)
Styria [9] 9.16 9.17 9.49 92.3 92.9 90.4 795.4
Mayen [1] 9.21(2) 9.23(2) 9.52(2) 92.4(1) 92.7(1) 90.1(1) 807.7(30)
Mayen [2] 9.206(2) 9.216(2) 9.500(4) 92.34(3) 92.70(3) 90.12(3) 804.4(4)
Bellberg [11] 9.248(5) 9.259(5) 9.533(5) 92.313(5) 92.761(5) 89.981(5) 814.7(8)

Regarding the chemical composition, two different groups of crystals were distin-
guished based on the extra-framework cation content (Figure 4). The Ca-rich group (red
circles in Figure 4) has a composition that straddles those observed in the Colle Fabbri
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samples [10]. In particular, willhendersonite from the Lessini Mounts has a composition
that includes the intermediate terms from Colle Fabbri (Will-int, [10]) but extends towards
the Ca-richest terms, expanding the compositional range so far known in the literature.
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According to the literature data [12], the sampling area of willhendersonite (south-
western sector of the Alpone valley, Figure 1) is characterized by the occurrence of other 
zeolites, all of which are of Ca-rich type (e.g., Ca-chabasite, Ca-phillipsite, Ca-gmelinite, 
Ca-erionite, heulandite), followed by extensive crystallization of calcite. The presence of 
Ca-rich species in this area of the Lessini Mounts might suggest that the zeolite-forming 
fluids could have interacted with the underlying calcareous marine sedimentary rocks 
through which the basalts erupted. Hydrothermal fluids may have permeated the sedi-
mentary and volcanic pile, leaching Ca out of the calcareous sedimentary rocks. Further-
more, as suggested by experimental works [28], with a likely high concentration of car-
bonate ions in solution, the zeolites’ growth rate would increase in response to the in-
creased dissolution of silica from the surrounding rocks. In this context, the composition 
of the underlying rocks through which the volcanics erupted seems to play an important 
role in zeolite formation. 
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Figure 4. Compositional ternary diagram illustrating major variations of willhendersonite composi-
tions. Red and blue circles are crystals from the Lessini Mounts. Components are: S4O8 (molecular
proportions [Si − 2(Ca + Mg + Sr + Ba) − 2(Na + K)]/4, (Ca,Mg,Sr,Ba)Al2Si2O8 (molecular proportions
Ca + Mg + Sr + Ba), and (Na,K)2Al2Si2O8 (molecular proportions (Na + K)/2).

The Ca-K crystals (blue circles in Figure 4), on the other hand, are characterized
by comparable quantities of K and Ca and, consequently, are distributed in the central
sector of the ternary diagram of Figure 4. Their composition comprises the San Venanzo
samples [1] but extends towards richer terms in K, defining greater chemical variability in
extra-framework cation content.

In the willhendersonite from the Lessini Mounts, the K content is low in the Ca-rich
group (average of 0.29 apfu) and it is notably high in the Ca-K group (average 0.94 apfu). In
comparison, the K content is significant in the samples from San Venanzo and Mayen (0.90
and 0.74 apfu, respectively) and very low in the sample from Colle Fabbri (0.03–0.30 apfu).
In the Lessini samples, the Ca content has an average of 1.24 apfu in the Ca-rich group and
0.99 apfu in the Ca-K group, whereas the Ca content is notably high in the Colle Fabbri
sample (1.43–1.28 apfu) and it is low in the samples from San Venanzo and Mayen (1.01
and 1.06 apfu, respectively).

The new chemical data of willhendersonite from the Lessini Mounts, together with the
literature data on Mayen [1,2] and the occurrence of a Ca-pure willhendersonite reported
in Vezzalini et al. [10], highlight the presence of a considerable compositional variability
(probably not yet fully defined) of this zeolitic species. The existence of a continuous
isomorphous series between Ca and K end-members, suggested by Vezzalini et al. [10], has
been reinforced by the description of Lessini samples with intermediate compositions. This
suggests a redefinition of willhendersonite as a series extending from a Ca end-member
to compositions with equal proportions of Ca and K. According to [10], the absence of
the K-pure willhendersonite end-member means that, at present, the series is incomplete.
Further analyses are planned to investigate the distribution of this rare zeolite in the Lessini
secondary minerals and to better understand the chemical variability of willhendersonite
to define the existence of a Ca-K isomorphous series.

According to the literature data [12], the sampling area of willhendersonite (south-
western sector of the Alpone valley, Figure 1) is characterized by the occurrence of other
zeolites, all of which are of Ca-rich type (e.g., Ca-chabasite, Ca-phillipsite, Ca-gmelinite,
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Ca-erionite, heulandite), followed by extensive crystallization of calcite. The presence of Ca-
rich species in this area of the Lessini Mounts might suggest that the zeolite-forming fluids
could have interacted with the underlying calcareous marine sedimentary rocks through
which the basalts erupted. Hydrothermal fluids may have permeated the sedimentary
and volcanic pile, leaching Ca out of the calcareous sedimentary rocks. Furthermore, as
suggested by experimental works [28], with a likely high concentration of carbonate ions in
solution, the zeolites’ growth rate would increase in response to the increased dissolution of
silica from the surrounding rocks. In this context, the composition of the underlying rocks
through which the volcanics erupted seems to play an important role in zeolite formation.
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Abstract: This study reports for the first time the geologic occurrence of natural zeolite A and
associated minerals in mudstones from the Cretaceous Paja Formation in the urban area of the
municipality of Vélez (Santander), Colombia. These rocks are mainly composed of quartz, muscovite,
pyrophyllite, kaolinite and chlorite group minerals, framboidal and cubic pyrite, as well as marcasite,
with minor feldspar, sulphates, and phosphates. Total organic carbon (TOC), total sulfur (TS), and
millimeter fragments of algae are high, whereas few centimeters and not biodiverse small ammonite
fossils, and other allochemical components are subordinated. Na–A zeolite and associated mineral
phases as sodalite occur just beside the interparticle micropores (honeycomb from framboidal, cube
molds, and amorphous cavities). It is facilitated by petrophysical properties alterations, due to
processes of high diagenesis, temperatures up to 80–100 ◦C, with weathering contributions, which
increase the porosity and permeability, as well as the transmissivity (fluid flow), allowing the
geochemistry remobilization and/or recrystallization of pre-existing silica, muscovite, kaolinite
minerals group, salts, carbonates, oxides and peroxides. X-ray diffraction analyses reveal the mineral
composition of the mudstones and scanning electron micrographs show the typical cubic morphology
of Na–A zeolite of approximately 0.45 mµ in particle size. Our data show that the sequence of the
transformation of phases is: Poorly crystalline aluminosilicate → sodalite → Na–A zeolite. A
literature review shows that this is an unusual example of the occurrence of natural zeolites in
sedimentary marine rocks recognized around the world.

Keywords: natural zeolite A; mineralogy; mudstones; crystal; sedimentary environment

1. Introduction

The Swedish mineralogist Axel Fredrick Cronstedt discovered in 1756 the stilbite in
allusion to their visibly lost water when heated and named the group of zeolites (from the
Greek words “zeo” meaning “to boil” and “lithos” meaning “stone”). Nearly 250 years
have passed since this discovery, and geologists traditionally have considered that natural
zeolites are formed during aqueous fluids reaction with rocks in a variety of geological
environments [1–6]. Several occurrences of natural zeolites have been reported worldwide
as accessory minerals in the vugs and cavities of basalts and other basic igneous rocks,
as major constituents of many bedded pyroclastic deposits and are thought to be among
the most widespread and abundant authigenic silicate minerals in sedimentary rocks [1,4].
Most natural zeolites form during diagenetic processes in sedimentary rocks [7–9]. Zeolites
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occurring in volcanic lava flow cavities are formed either during lava pile burial metamor-
phism [10–12], continental basalts' hydrothermal alteration [11,13] or diagenesis in areas
of high heat flow caused by active geothermal systems [12,14,15]. Zeolites, as products of
hydrothermal crystallization, are generally known from active volcanic rock-associated
geothermal systems. Very little work has been published on zeolite occurrences related
to late stage pegmatite crystallization [16] in hydrothermal ore veins [17] as alteration
products along fault planes [18] and in hydrothermal fractures and veins in granites and
gneisses [19]. Zeolites are crystalline, microporous, hydrated aluminosilicates of alkaline or
alkaline earth metals. The framework consists of [SiO4]4− and [AlO4]5− tetrahedra, which
corner-share to form open structures; such tetrahedra are linked to each other by sharing
all of the oxygen to form interconnected cages and channels containing mobile water
molecules and alkali and/or alkaline earth cations [2,3,20,21]. Zeolites have been widely
used as catalysts, adsorbents, and ion exchangers in many technical applications due to
their exceptional properties such as extremely high adsorption capacity, catalyzing action,
thermal stability, and resistance in different chemical environments [2,22–31]. Zeolites have
been extensively used in various technological applications, which include oil refining
processes such as catalytic cracking [32,33], as molecular sieves for separating and sorting
molecules [34], as adsorbents for water, soil, and air purification [27,35–39] for removing
radioactive contaminants [40], for harvesting waste heat and solar heat energy [41], as deter-
gents [42], as antibacterial [43], as drug delivery for oral and topical administration [44,45]
or feeding additives for farm animals [46]. They have become worthy of being called the
mineral of the future of several countries around the world that have made significant
progress in exploring and exploiting this mineral. However, only a few of the natural
zeolites in the world are found in sufficient quantities and have the purity required by the
industry. The US Geological Survey has reported natural zeolites' worldwide occurrence
in the USA, Japan, Korea, Bulgaria, Czechoslovakia, Romania, Hungary, Russia, Croatia,
Serbia, South Africa, Italy, Germany, Turkey, and China, the latter having the greatest
worldwide production clinoptilolite, mordenite, heulandite, chabazite, phillipsite, and
laumontite. At least 60 species of natural zeolites are known to exist, occurring naturally in
soils, sediments, and rocks [47], predominantly concentrated in those rocks and soils of
volcanic origin. The aim of this study is to report for the first time the geologic occurrence
of natural zeolite A and associated minerals in the urban area of Vélez (Santander), Eastern
Cordillera, Colombia (Figure 1).

 

Figure 1. (a) Location of the municipality of Velez (Santander), Colombia, and its urban area. (b) Satellite image of 

Kα1 radiation: λ = 1.5406 Å), a 

size of less than 50 μm and then mounted on a sample holder of polymethylmethacrylate 

mA in the 2θ range of 3.5–70°, with a step size of 0.01526° (2θ) 

– –

of 126.1 eV (in. Mn Kα). Structural characterization from the functional groups

– −

Figure 1. (a) Location of the municipality of Velez (Santander), Colombia, and its urban area. (b) Satellite image of the
urban area of Vélez, showing the sampling localities indicated by red stars (adapted and modified from Google Maps [48]).
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2. Materials and Methods

The investigated samples correspond to mudstones and regoliths, of road cuts and
excavations for houses, from the La Paja Formation, in the Eastern Cordillera, over the
Northern Andes. A preliminary visual inspection of the samples was performed by
conventional petrography (results not shown). More detailed analyses were performed by
means of X-ray powder diffraction (XRPD), field emission gun-environmental scanning
electron microscopy/energy dispersive X-ray spectroscopy (FEG-ESEM/EDS), and Fourier
transform infrared with attenuated total reflection (FTIR-ATR) spectroscopy. The bulk
mineralogical composition was determined via XRPD using a BRUKER D8 ADVANCE
X-ray diffractometer equipped with operating in Da Vinci geometry and equipped with an
X-ray tube (Cu-Kα1 radiation: λ = 1.5406 Å), a one-dimensional LynxEye detector (with
aperture angle of 2.93◦), a divergent slit of 0.6 mm, two soller axials (primary and secondary)
of 2.5◦, and a nickel filter. All samples were milled in an agate mortar to a particle size of
less than 50 µm and then mounted on a sample holder of polymethylmethacrylate (PMMA)
using the filling front technique prior to the XRPD analysis. Data collection was carried
out at 40 kV and 30 mA in the 2θ range of 3.5–70◦, with a step size of 0.01526◦ (2θ) and
counting time of 1 s/step. Phase identification was performed using the crystallographic
database Powder Diffraction File (PDF-2) from the International Centre for Diffraction
Data (ICDD) and the Crystallographica Search-Match program. The microstructure and
chemical composition were examined using the back-scattered electron (BSE) imaging and
EDS analysis on a FEI QUANTA 650 FEG-ESEM, under the following analytical conditions:
Magnification = 100–20000×, WD = 9.0–11.0 mm, HV = 20 kV, signal = BSE in ZCONT
mode, detector = BSED, EDS Detector EDAX APOLO X with a resolution of 126.1 eV
(in. Mn Kα). Structural characterization from the functional groups was performed by
FTIR-ATR, using a computer model THERMO SCIENTIFIC IS50, with diamond crystal in
the spectral range 400–4000 cm−1.

3. Results
3.1. Field Occurrence

The urban area of Vélez (Santander), Colombia, is sitting on mudstones (Figure 2a,b)
of the Paja Formation of the Barremian to Lower Aptian age, which is petrographic and
biostratigraphically divided into four segments (Kip1, Kip2, Kip3, and Kip4) and has a
large detrital contribution (<40%, primary quartz and muscovite and few microcline), with
aluminum-silicates of Na, K, Fe, Ti, Ca, Mg, and P (in crystalline and other amorphous
phases = 30%, and biogenic particles (approximately 25%), in an open sea (not of platform),
and of low energy level [49]. According to Lazar et al. [50], they can also be classified
as ar-fMs-Cs and ca-cMs-Zs shales. Macquaker and Adams [51] considered that they
range from sand and silt-bearing clay-rich mudstone to clay-dominated mudstone. Reyes-
Mendoza [49] indicated dark gray and carbonaceous mudstones, rather than shales for the
absence of fissility, with important microfabric features, such as massive facies dominant,
thinly microbial laminae, wavy micro-lamination, not parallel and discontinuous, curled
to silty lenticular lamination, massive fossiliferous, locally micro-tempestites, as well as
nodules and/or concretions, towards the top grain-growing slightly, beds (sandy facies),
and thin layers of fine sandstone. Meanwhile, in the bottom near muddy sequence no
evaporitic facies (gypsum) happens. Other abundant minerals are kaolinite and pyrophyl-
lite, iron sulfides (primary framboidal or euxinic pyrite, <5 mµ; autigenic cubic pyrite, and
amorphous or anhedral marcasite), organic matter (laminated, amorphous, discrete or in
organo-mineralogical aggregates, OMA) with high TOC (>4.64%), sulfur (4.80%), sulphates
and inorganic phosphates, amines and aliphatic hydrocarbons. They are not considered
calcareous (Ca < 4.30%), with dolomite-ankerite, scarce calcite and some irregular lenses
or hollow nodules of several oxides-oxyhydroxides and sodalite, hydrosodalite, as well
as crystoballite [49]. Other phyllosilicates are clinocloro, berlinite, chamosite, nacrite (as-
sembly that could indicate a low-grade regional metamorphism or high diagenesis with
pyrophyllite, up to 21%), dickite, illite, gibbsite, halloysite, kaolinite, phlogopite, vermi-
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culite, phengite and zeolite as products of weathering, the last of them described in detail in
this study. Abundant millimetric fragments of phaeophyta and punctually gyrogonites of
karophites occur, which indicate a bloom of algae in the superior column of the water. Other
allochemicals are ammonites (in molds <5 cm), consolidated intraclasts (<500 µm), few
foraminiferous, agglutinated and bilobulates, pyritized radiolarians, calcareous filaments,
as well as bone remains in the lower and middle part. Primary intragranular, intergranular,
intercrystalline, and low porosity (<5%) was identified compared with secondary porosity,
associated with structural discontinuities: Stratification, lamination, jointing, irregular
fractures, and probably regional foliation [52]. Reyes-Mendoza [49] evaluated and mapped
eight colluviums units (Figure 2c,e) based on their sedimentology, morphological position,
and paleosoils of beige-orange colors, as well as thicknesses of 1.5–2.2 m under the old
houses of the municipality of Vélez (historical center itself), protected by the hard surfaces
of the urban development.

 
Figure 2. Occurrence of (a)–(b) a mudstone outcrop of the Kip3 segment of the Paja Formation along the cutting slope

–

te cage (or β

β α

Figure 2. Occurrence of (a,b) a mudstone outcrop of the Kip3 segment of the Paja Formation along the cutting slope in the
San Luis neighborhood, and (c–e) a regolith of the Kip2 segment of the Paja Formation and excavation in the Las Nieves
neighborhood.
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3.2. Framework of Zeolite LTA

As shown in Figure 3, zeolite Lynde type A (LTA) displays a three-dimensional
framework obtained when periodic building units (PerBUs) (which are built using the
sodalite cage (or β-cage) consisting of 24 T atoms (six 4-rings, four 6-rings, three 6-2 units
or four 1-4-1 units)), related by pure translations along the cube axes, are linked through
double 4-rings (D4Rs) for one cube face. It is made of secondary building units 8 or 4-4
or 6-2 or 6 or 1-4-1 or 4 and composite building units D4R, SOD (or β-cage), and LTA (or
α-cage) [53]. The pore diameter is defined by an eight-member oxygen ring and is small at
4.2 Å, which leads into a larger cavity of minimum free diameter 0.41 Å [54]. It contains
cages and channels in their negatively charged frameworks due to the substitution of Si4+

by Al3+ and cations that can enter its porous structure to balance the charge of its structural
framework. The general chemical formula of zeolite LTA is [Na12(Al12Si12O48]27H2O],
which shows that it has 12 tetrahedra in every cell unit, occupied by 12 Na atoms and 27
H2O molecules [55], with a cubic unit cell (a = 11.9Å), space group Pm-3m [53], and Si/Al
ratio of 1 [56].

 

–

–

– –
–

–
– –

–

Figure 3. The structural framework of zeolite Lynde type A (LTA), showing its characteristic cages
and channels. The vertices mark the positions of the T atoms, the lines symbolize the oxygen bridges
between them. Diamond Crystal Structure Software Version 2.1 (structural data published by the
International Zeolite Association).

3.3. X-Ray Diffraction

Figure 4 illustrates the characteristic X-ray diffraction pattern of the analyzed mud-
stone, which reveals high intensity peaks associated with the presence of dickite, illite,
and pyrophyllite. Na–A zeolite and sodalite show low intensity peaks. Low intensity
peaks correspond to quartz, goethite, and lepidocrocite. Experimental work by Heller-
Kallai and Lapides [57] showed that the transformation of kaolinite and metakaolinite
with aqueous sodium hydroxide under hydrothermal conditions, with sodalite as the
primary product was obtained from kaolinite, whereas the use of metakaolinite promoted
the formation of mainly Na–A zeolite, in some cases associated with minor amounts of
faujasite. The XRD patterns show the occurrence of a mixture of different mineral phases,
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including Na–A zeolite and sodalite: Quartz (12.1–19.1 wt%); muscovite (1.5 wt%); pyro-
phyllite (4.0–19.6 wt%); lepidocrocite (2.8 wt%); kaolinite (1.0 wt%); dickite (13.2 wt%); illite
(7.0–11.1 wt%); goethite (10.1 wt%); titanomagnetite (1.0 wt%); zeolite A (2.5 wt%); zeolite
X (0.1–4.1 wt%); zeolite SSZ-35 (8.6 wt%). Crystalline phases (55.4–62.9 wt%); amorphous,
etc. (37.1–44.6 wt%).

–
–

– g fluorite

Figure 4. XRD pattern of the analyzed (a) mudstone and (b) regolith. Qtz: Quartz; Ms: Muscovite; Pyr: Pyrophyllite; Lpd:
Lepidocrocite; Kao: Kaolinite; Dck: Dickite; Ill: Illite; Goe: Goethite; TiMag: Titanomagnetite; LTA: Na–A zeolite; FAU:
Faujasite; SSZ: Zeolite SSZ-35.

3.4. Scanning Electron Microscopy

SEM micrographs (Figure 5) illustrate the occurrence of the mudstone of the Kip3
segment of the Paja Formation. The morphological features of this rock show randomly
interstratified clay minerals with developed sheet structures, bedding planes, and crystal
morphology, as well as migration pathways and microporosity (Figure 5a). The bed-
ding planes are broken by rounded and cubic micropores associated to framboidal and
cubic pyrite, respectively (Figure 5b). Figure 5c shows the occurrence of aggregates of
Na–A zeolite and sodalite. Na–A zeolite displays a typical cubic morphology, whereas
sodalite develops aggregates of randomly oriented and intersecting blade-shaped crystals.
Ríos et al. [58] described spherical agglomerates of sodalite growing out onto the surface of
well-developed cubes of Na–A zeolite displaying fluorite-type interpenetration twinning,
which indicates that it is a thermodynamically metastable phase which was successively
replaced by a more stable phase as sodalite. Figure 5d,f illustrates the typical appearance
of kaolinite occurring as aggregates composed of pseudohexagonal plates, which also
constitutes the rock matrix.
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–
–

–

–

Figure 5. Secondary electron (SE) images of the (a) morphological features of the wavy micro-lamination, not parallel and
discontinuous, fabric of the analyzed mudstone, (b) microporosity, (c) aggregates of Na–A zeolite and sodalite and clays,
and (d–f) aggregates of clays of kaolinite-type in the matrix. LTA: Na–A zeolite; SOD: Sodalite; Kao: Kaolinite.

Figure 6 illustrates SE images of the occurrence of aggregates of cubic Na–A zeolite
and honeycomb sodalite in the pore space left by the oxidation of cubic and framboidal
pyrite (upper part), and the typical EDS spectra of Na–A zeolite and associated mineral
phases (lower part). Clay minerals occurring in the matrix of the mudstone reveal the
presence of high concentrations of Al (16.51 wt%), Si (29.01 wt%), and O (24.78 wt%). Na–A
zeolite shows high concentrations of Al (17.97 wt%), Si (27.14 wt%), and O (9.63 wt%).
Sodalite shows high concentrations of Al (17.65 wt%), Si (35.30 wt%), and O (16.38 wt%).
The peaks of Fe, Mg, Na, K, S, and Ti (results not shown) represent the contribution of
associated mineral phases such as pyrite, Ti-oxides, and feldspars. The peak of Au in the
spectra is attributed to the gold coating.

The SE image and EDS spectrum of the analyzed Na–A zeolite are shown in Figure 7.
Na–A zeolite displays a typical cubic morphology, which is broken by the presence of
aggregates of sodalite, which develops from randomly oriented and intersecting blade-
shaped crystals growing at expenses of Na–A zeolite. It shows high concentrations of
Al (17.97 wt%), Si (27.14 wt%), and O (9.63 wt%). The peaks of Fe, Mg, Na, K, S, and Ti
(results not shown) represent the contribution of associated mineral phases such as pyrite,
Ti-oxides, and feldspars. The peak of Au in the spectra is attributed to the gold coating.
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–
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Figure 6. SE images of the analyzed aggregates of Na–A zeolite, sodalite, and clays. LTA: Na–A zeolite; SOD: Sodalite; Kao:
Kaolinite.
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Figure 7. SE image (left) and EDS spectrum (right) of Na–A zeolite (LTA).

3.5. Fourier Transform Infrared with Attenuated Total Reflection Spectroscopy

FTIR spectra in Figure 8 show the typical vibration bands of the analyzed mud-
stone and regolith. We recognize the characteristic OH-stretching vibrations of kaolinite
at 3698 cm−1 (surface OH stretching) and 3620–3629 cm−1 (inner OH stretching). How-
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ever, the vibration band at 3620 cm−1 can also be attributed to gibbsite. The vibration
bands at 1621 cm−1 (kaolinite), 1630 cm−1 (goethite or calcite), 1420–1423 cm−1 (calcite
or siderite), 979 cm−1 (gibbsite), 987 cm−1 (chlorite), 929 and 907 cm−1 (margarite or
kaolinite), 820–822 cm−1 (phlogopite or margarite), 792–796 cm−1 (quartz or goethite),
746 cm−1 (muscovite or dickite), 693 cm−1 (quartz, kaolinite, phlogopite or margarite),
687 cm−1 (kaolinite), 518 cm−1 (phlogopite), 512 cm−1 (margarite), 441–443 cm−1 (potas-
sium feldspar, chlorite or margarite), 415 cm−1 (margarite), 411 cm−1 (muscovite), and
401 cm−1 (margarite) were also observed. The major structural groups present in zeolites
can be detected from their FTIR patterns. The band at 1621–1630 cm−1 can be attributed to
zeolitic water. However, the region of 1500–400 cm−1 is a fingerprint indicating structural
features of zeolite frameworks. On the other hand, characteristic bands of zeolitic materials
appeared, including the asymmetric Al–O stretch located in the region of 1250–950 cm−1

(with the bands at 979 and 987 cm−1 assigned to sodalite) and their symmetric Al–O
stretch located in the region of 660–770 cm−1. Similar results have been reported by sev-
eral studies [37,59–63]. There is a well-defined peak at 693 cm−1 assigned to symmetric
T–O–T vibrations of the sodalite framework in good agreement with the results reported
by Flaningen et al. [59]. The peak at 687 cm−1 can be attributed to the Na–A zeolite. The
bands in the region of 500–650cm−1 are related to the presence of the double rings (D4R
and D6R) in the framework structure of sodalite. The bands in the region of 420–500 cm−1

are related to internal tetrahedron vibrations of Si–O and Al–O of sodalite. The bands at
441–443 cm−1 are related to internal tetrahedron vibrations of Si–O and Al–O of sodalite
(T–O–T) bending modes of the sodalite framework. The detailed FTIR assignments for
sodalite have been summarized by Barnes et al. [60] and later revised by Zhao et al. [64].
The bands in the region of 400–420 cm−1 are related to the pore opening or motion of the
tetrahedral rings, which form the pore opening of zeolites [2].

–

–

–

Figure 8. FTIR spectrum of the analyzed mudstone and regolith.

3.6. Discussion on the Mechanism of Formation of the Na–A Zeolite in Mudstone and Regolith

One of the main challenges facing geosciences is to reconstruct the environments in
which minerals are formed. Several research groups have performed experimental work
to successfully bridge the gap between the general formation mechanisms of crystalline
phases and the crystallization of complex structures, such as those of zeolites [21]. We
evaluate the geological characteristics of mudstone and regolith systems, taking in con-
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sideration not only their mineralogy but also the environmental conditions, which can be
strongly affected by several factors, revealing a complex history of chemical reactions in
the origin of zeolitic materials. The Cretaceous Paja Formation formed in closed basin envi-
ronments with low water circulation and small oscillations in the relative sea-level [65,66].
For dissolution of mudstone grains and precipitation of authigenic minerals to occur on
the weathered horizon of the La Paja Formation are circulating fluids for the transport of
nutrients (ions), geochemical processes, and biogenic activity, which modifies porosity and
permeability that will allow fluid migration. According to Passaglia et al. [67], the main
factors that control the species and precipitation of diagenetic zeolites are the texture and
composition of the host rock, composition of the fluids, and temperature. Na-enriched
zeolites, such as the Na–A zeolite, tend to form through the rock-strongly alkaline (pH > 10)
fluid interaction which are in a hydrologically closed system [22,67]. The SiO2 and Al2O3
sources for the formation of Na–A zeolite is speculative, taking into account that volcanic
glass, the source for many diagenetic zeolites, is not present in La Paja Formation rocks.
However, the Na–A zeolite may form where the supply of mobile ions nearly equals the
supply of Si and Al [68]. The chemical weathering of mudstones can be characterized
by a sequence of chemical reactions between percolating groundwater and rock-forming
minerals, with pyrite probably playing a very important role. Pyrite and other sulphides
were affected by oxidation (by oxygen coming from the ground surface) to form sulfuric
acid (H2SO4), sulfate minerals (e.g., gypsum), and several iron oxides such as goethite and
hematite, developing an oxidation zone. Framboidal (raspberry-like) pyrite is found repre-
senting the most problematic form in terms of the effects of pyrite oxidation. Taking into
account the fact that the oxidation of pyrite is primarily surface controlled, the reactivity of
pyrite increases as the grain size decreases and the relative surface area increases [69]. The
H2SO4, along with atmospheric agents, salts, inorganic and biogenic acids, dissolves rock-
forming minerals, developing a dissolved zone. The few carbonates (mainly dolomite),
which are buffering minerals (the acidity of the medium was neutralized) were dissolved
in rhombohedral molds. However, it is probably that this did not occur in the analyzed
samples where framboidal (raspberry-like) pyrite suffered oxidation. Taking into account
the fact that alkaline pH tends to inhibit pyrite dissolution by blocking the access of the
oxidizing agent (O2) to pyrite surfaces [70,71]. Nanobacteria were observed, which possibly
degrade amino acids and produce sulphites that nourish plants. Therefore, the weathering
is strongly conditioned by physical, chemical, and biological processes. Consequently,
the acidity of the system is neutralized and other elements silicon, aluminum, sodium,
potassium, calcium, iron, magnesium, titanium, and phosphorus are released, which enter
into the solution or precipitate within the mudstone or regolith (originally composed of
clay minerals (about 50–60 wt%) and other minerals, especially quartz and carbonates),
originating secondary minerals, such as new clays, zeolites, iron oxides, and hydroxides,
etc. The clay minerals in mudstone are largely kaolinite and illite, which are excellent
indicators of the environment due to their sensitivity to slight changes in the composition,
temperature, and pH of their surroundings [72]. Different clay minerals have been used
as starting materials with an appropriate SiO2/A12O3 ratio for studying the formation
of zeolites at the laboratory scale [2–64,73–90]. However, kaolinite has been of interest in
several studies. It varies in terms of the structural make up from one deposit to another,
consists of dioctahedral 1:1 layer structures with a composition of AI2Si2O5[OH]4. This
variation affects the ordering of the kaolinite structure and their subsequent chemical
reactivity. Previous studies reveal that the improvement of the properties of the kaolinite
by chemical methods is difficult due to its low reactivity, taking into account the fact that it
is not significantly affected under acid or alkaline conditions [63,91–93]. Therefore, kaolin-
ite is usually used after calcination at temperatures between 550–950 ◦C [37,91,92,94–96]
to obtain a more reactive phase (metakaolinite). However, this clay mineral is not sta-
ble under highly alkaline conditions and different zeolitic materials can form. Several
authors have reported the synthesis of kaolinite-based zeolites, including LTA [96–98],
FAU [85,91,96,98,99], GIS [96,100], CAN [64,101], SOD [64,101,102], and JBW [37,103,104].
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According to Zhao et al. [64], there are two major chemical processes involved in the
reaction between kaolinite and alkaline solutions: Dissolution of kaolinite, releasing Si
and Al, followed by the formation of zeolitic materials. In this study, we suggest that the
Na–A zeolite clearly formed by precipitation from relatively low temperature fluids in
pores of the analyzed samples, which is supported by the experimental work performed
by Ríos [37], who obtained the Na–A zeolite along with sodalite and cancrinite under
hydrothermal alkaline conditions at 100 ◦C during a period of reaction time of 6–120 h.
It is seen that a higher alkali concentration during the synthesis process leads to a faster
dissolution of the original kaolinite, accompanied by more crystalline zeolitic materials.
The Na and Mg-enriched geochemistry of the analyzed mudstone and regolith provides
additional evidence for alteration, reflecting the low temperature hydrothermal growth of
zeolitic materials, which, therefore, are not related to the original sedimentary mineralogy.
The genesis of sodic zeolites, such as the Na–A zeolite along with sodalite and cancrinite,
was affected by parameters as the reaction temperature and time between the starting
materials (mudstone or regolith) and low temperature fluids, the alkalinity (alkaline condi-
tions or high Na content) of the fluids, and the very high Na/K ratio and the necessary
SiO2/Al2O3 ratio of the starting materials. Ríos and co-workers [37,58,63,105–109] per-
formed the experimental work in order to simulate the geological conditions and chemical
reactions expected during the formation of zeolites. The results of these studies reveal
the hydrothermal transformation of kaolinite, with the production of several zeotypes,
including sodalite, cancrinite, and Na–A zeolites in agreement with the previous studies.
However, Ríos et al. [58] considered that sodalite and cancrinite represent a metastable
phase via the Na–A zeolite forming reaction. In the case of a mudstone or regolith system as
that reported in the present study, we consider that the chemistry of evolution of the Na–A
zeolite was affected by several factors. The reaction history of the formation of the Na–A
zeolite reported in this study can be summarized by the following stages: (1) Dissolution
of aluminosilicate minerals (clays) in the mudstone or regolith releasing SiO2 and Al2O3,
(2) formation of intermediate metastable phases (sodalite), (3) occurrence of simultaneous
reactions of precipitation and dissolution of a gel phase, nucleation, and growth of Na–A
zeolite that reached chemical equilibrium. The Na–A zeolite is typically crystallized from
amorphous aluminosilicate precursors in aqueous in the presence of alkali metals. A simple
scheme of the crystallization of an amorphous aluminosilicate hydrogel to the Na–A zeolite
is given in Figure 9. At the beginning, a dissolution of the aluminosilicate minerals (clays)
in the mudstone or regolith occurred, releasing SiO2 and Al2O3, with the production of an
amorphous gel characterized by the presence of small olygomers. A dissolution process
promotes the formation of the nutrients (ionic species), which then are transported to the
nucleation sites, indicating that the ionic species are not static, since they necessarily need
to move (transportation) to the nucleation sites. A nucleation process produced an equili-
brated gel. During nucleation, the hydrogel composition and structure are significantly
affected by thermodynamic and kinetic parameters. A polymerization of SiO4 tetrahedra
proceeds, which is represented by TO4 primary tetrahedral building units that have been
joined, revealing how they link together to form larger structures. A polymerization is
the process that forms the Na–A zeolite precursors, which contains tetrahedral of Si and
Al randomly distributed along the polymeric chains which are cross-linked to provide
cavities large enough to accommodate the charge balancing alkali ions. During crystal
growth, the TO4 units were linked, with the formation of 4-ring and 6-ring, composed by 4
and 6 tetrahedral atoms, respectively, to create a large structure (secondary building unit)
such as the SOD β-cage. The crystallization of Na–A zeolite occurred by linking the same
secondary building units together. A phase transformation occurred as represented by the
sequence of reaction: Poorly crystalline aluminosilicate → sodalite → Na–A zeolite.
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Figure 9. Sketch showing the reconstructed sequence of mineral reactions taking place in the studied mudstone and regolith.

4. Conclusions

In this study, an unusual example of the occurrence of natural zeolites in sedimentary
marine rocks was recognized. Na–A zeolite and sodalite occur in mudstones and regoliths
of the weathering zone of the Cretaceous La Paja Formation, Vélez (Santander), Colombia.

These rocks consist of quartz, muscovite, abundant pyrophyllite, kaolinite, and chlorite
group minerals, pyrite, marcasite, minor feldspar, sulphates, and phosphates, with a
high content of TOC, TS, and algae, as well as subordinated ammonite fossils and other
allochemical components. High diagenesis (temperatures up to 80–100 ◦C), weathering,
and fluid flow allowed the geochemistry remobilization and/or recrystallization of pre-
existing mineral phases.

Our model suggests that the genesis of sodic zeolites, such as Na–A zeolite and
sodalite, was affected by parameters as the reaction temperature and time between the
starting materials (mudstone or regolith) and low temperature fluids, the alkalinity (alkaline
conditions or high Na content) of the fluids, as well as the very high Na/K ratio and the
necessary SiO2/Al2O3 ratio of the starting materials. With time, the nucleation and growth
process of zeolitic phases involved the dissolution of early metastable phases (Na–A zeolite)
and the crystallization of sodalite separated in the same media. However, additional work
is necessary to determine their environmental conditions of formation.
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25. Nuić, I.; Trgo, M.; Medvidović, N.V. The application of the packed bed reactor theory to Pb and Zn uptake from the binary
solution onto the fixed bed of natural zeolite. Chem. Eng. J. 2016, 295, 347–357. [CrossRef]

26. Liu, G.-H.; Wang, Y.; Zhang, Y.; Xu, X.; Qi, L.; Wang, H. Modification of natural zeolite and its application to advanced recovery
of organic matter from an ultra-short-SRT activated sludge process effluent. Sci. Total. Environ. 2019, 652, 1366–1374. [CrossRef]

27. Pinto, G.C.; Ríos, C.A.; Vargas, L.Y. Comparative study on the use of a natural and modified Ecuadorian zeolites of the Cayo
Formation on the remediation of an oil-polluted soil. Ctf–Cienc. Tecnol. Y Futuro 2019, 9, 93–104. [CrossRef]

28. Tran, Y.T.; Lee, J.; Kumar, P.; Kim, K.-H.; Lee, S.S. Natural zeolite and its application in concrete composite production. Compos.

Part. B Eng. 2019, 165, 354–364. [CrossRef]
29. Vargas, A.M.; Cipagauta, C.C.; Molina, D.R.; Ríos, C.A. A comparative study on diclofenac sodium release from surfactant-

modified natural zeolites as a pharmaceutical excipient. Mater. Chem. Phys. 2020, 256, 123644. [CrossRef]
30. Alabbad, E.A. Efficacy assessment of natural zeolite containing wastewater on the adsorption behaviour of Direct Yellow 50 from;

equilibrium, kinetics and thermodynamic studies. Arab. J. Chem. 2021, 14, 103041. [CrossRef]
31. Rey, V.; Ríos, C.; Vargas, L.; Valente, T. Use of natural zeolite-rich tuff and siliceous sand for mine water treatment from abandoned

gold mine tailings. J. Geochem. Explor. 2021, 220, 106660. [CrossRef]
32. Vogt, E.T.C.; Weckhuysen, B.M. Fluid catalytic cracking: Recent developments on the grand old lady of zeolite catalysis. Chem.

Soc. Rev. 2015, 44, 7342–7370. [CrossRef]
33. Suganuma, S.; Katada, N. Innovation of catalytic technology for upgrading of crude oil in petroleum refinery. Fuel Process. Technol.

2020, 208, 106518. [CrossRef]
34. Cheng, X.-W.; Wang, J.; Huang, Q.; Long, Y.-C. Modified natural STI zeolite–A potentially useful molecular sieve. Pharmacogenetics

2007, 170, 2080–2085. [CrossRef]
35. Pitcher, S.; Slade, R.; Ward, N. Heavy metal removal from motorway stormwater using zeolites. Sci. Total. Environ. 2004, 334,

161–166. [CrossRef] [PubMed]
36. Santos, S.; Machado, R.; Correia, M.J.N.; Carvalho, J.R. Treatment of acid mining waters. Miner. Eng. 2004, 17, 225–232. [CrossRef]
37. Ríos, C.A. Synthesis of Zeolites from Geological Materials and Industrial Wastes for Potential Application in Environmental

Problems. Ph.D. Thesis, University of Wolverhampton, Wolverhampton, UK, 2008.
38. Wang, S.; Peng, Y. Natural zeolites as effective adsorbents in water and wastewater treatment. Chem. Eng. J. 2010, 156, 11–24.

[CrossRef]
39. Yang, Y.; Xu, W.; Zhang, F.; Low, Z.-X.; Zhong, Z.; Xing, W. Preparation of highly stable porous SiC membrane supports with

enhanced air purification performance by recycling NaA zeolite residue. J. Membr. Sci. 2017, 541, 500–509. [CrossRef]
40. Marinin, D.V.; Brown, G.N. Studies of sorbent/ion-exchange materials for the removal of radioactive strontium from liquid

radioactive waste and high hardness groundwaters. Waste Manag. 2000, 20, 545–553. [CrossRef]
41. Fujii, S.; Horie, N.; Nakaibayashi, K.; Kanematsu, Y.; Kikuchi, Y.; Nakagaki, T. Design of zeolite boiler in thermochemical energy

storage and transport system utilizing unused heat from sugar mill. Appl. Energy 2019, 238, 561–571. [CrossRef]
42. Cardoso, A.M.; Horn, M.B.; Ferret, L.S.; Azevedo, C.M.; Pires, M. Integrated synthesis of zeolites 4A and Na–P1 using coal fly ash

for application in the formulation of detergents and swine wastewater treatment. J. Hazard. Mater. 2015, 287, 69–77. [CrossRef]
43. Hrenovic, J.; Milenkovic, J.; Ivankovic, T.; Rajic, N. Antibacterial activity of heavy metal-loaded natural zeolite. J. Hazard. Mater.

2012, 201–202, 260–264. [CrossRef]
44. Faras, T.; Ruiz-Salvador, A.R.; Rivera, A. Interaction studies between drugs and a purified natural clinoptilolite. Microporous

Mesoporous Mater. 2003, 61, 117–125. [CrossRef]
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Abstract: In nature, a huge number of unregulated minerals fibers share the same characteristics as
asbestos and therefore have potential adverse health effects. However, in addition to asbestos minerals,
only fluoro-edenite and erionite are currently classified as toxic/pathogenic agents by the International
Agency for Research on Cancer (IARC). Mordenite is one of the most abundant zeolites in nature
and commonly occurs with a fibrous crystalline habit. The goal of this paper is to highlight how
fibrous mordenite shares several common features with the well-known carcinogenic fibrous erionite.
In particular, this study has shown that the morphology, biodurability, and surface characteristics
of mordenite fibers are similar to those of erionite and asbestos. These properties make fibrous
mordenite potentially toxic and exposure to its fibers can be associated with deadly diseases such
as those associated with regulated mineral fibers. Since the presence of fibrous mordenite concerns
widespread geological formations, this mineral fiber should be considered dangerous for health and
the precautionary approach should be applied when this material is handled. Future in vitro and
in vivo tests are necessary to provide further experimental confirmation of the outcome of this work.

Keywords: mordenite; mineral fibers; erionite; potential toxicity

1. Introduction

Occupational or environmental exposure to mineral dusts is one of the main causes in the
development of pneumoconiosis and lung cancer [1]. Among airborne particles, the most notorious
toxic/carcinogenic agent is asbestos [1,2]. Asbestos is a generic term which refers to six minerals exploited
commercially for their outstanding physical properties, mostly due to their fibrous morphology [3].
Asbestos minerals are chrysotile and amphibole asbestos (i.e., amosite, crocidolite, anthophyllite,
tremolite, and actinolite) [2,3]. It is generally recognized that asbestos is a toxic and carcinogenic
agent associated with the induction of mesothelioma, lung tumours and other lung diseases [2,4].
Hence, chrysotile and amphibole asbestos have been classified by International Agency for Research
on Cancer (IARC) as carcinogenic to humans (Group 1) [2]. Concurrently, starting from the 1980s,
many countries imposed a ban on asbestos [5]. Nowadays, asbestos and asbestos containing materials
(ACM) are gradually being replaced by safe alternatives for human health such as rock wool and
plastic fibers. In recent years, a general concern is growing regarding other mineral fibers that are not
classified (or not regulated) as asbestos, but assumed to show the same potential toxicity [4]. The term
elongate mineral particles (EMPs) has been coined to include all such mineral fibers [5]. In addition
to the six asbestos minerals, the following EMPs have raised global concern: non-regulated fibrous
amphibole (e.g., winchite [6,7], richterite [6,7], fluoro-edenite [8], fibrous glaucophane [9]), fibrous
antigorite [10], balangeroite [11] and fibrous zeolites (e.g., erionite [12], offretite [13] and ferrierite [14]).
Within this context, the case of Turkish fibrous erionite is noteworthy [15]. As provided by long-term
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epidemiological studies and several animal carcinogenicity tests, fibrous erionite is responsible for
epidemics of mesothelioma in Cappadocia (Turkey), where villages were built with erionite-bearing
rocks [2,15]. Recent works highlighted that although there are differences in the crystal chemistry and
genetic environment, several fibrous zeolites possess the same chemical-physical properties that are
deemed to prompt adverse effects in vivo by fibrous erionite [13,14,16]. One of the most common
natural fibrous zeolites is mordenite [17,18]. Mordenite is a zeolite with orthorhombic structure (space
group Cmcm) and ideal chemical formula (Na2,K2,Ca)[Al8Si40O96]·28H2O [19,20]. The crystal structure
of mordenite was determined by Meier [19], while its crystal chemistry was studied extensively by
Passaglia [19]. Mordenite displays a framework characterized by edge-sharing 5-member tetrahedral
rings of tetrahedral (TO4), built up from a combination of 5-1 secondary building units [20–23].
These building units are linked by edge-sharing into chains along c, which are in turn linked together
by 4-rings to form a puckered sheet perforated with 8-ring holes. A unidimensional pore system,
consisting of 12 membered rings of TO4, runs parallel to the [001] direction. The channel wall has side
pockets, in the [010] direction, circumscribed by 8-membered rings. Each side pocket connects the
12-ring channel through 8-membered rings with a distorted 8-ring channel running parallel to the
[001] direction. Mordenite occurs mainly in tuff deposits (diagenetic origin), as well as, is often found
in the voids of volcanic rocks (hydrothermal origin) coexisting with other zeolites (e.g., clinoptilolite,
heulandite, stilbite, and scolecite) [24]. In both hydrothermal and diagenetic occurrences, mordenite
generally shows a fibrous crystal habit [24,25]. Sedimentary deposits of mordenite are present in several
countries (e.g., Italy [26], Greece [27], Japan [28], and the United States [14]) where its content is often
high enough for mineral exploitation. Rocks containing mordenite are known to have a high cation
exchange capacity [24,27]. Consequently, mordenite has been increasingly used in various application
areas such as gas separation processes, sorbent and molecular sieve, animal feed supplements and
catalytic process [24,27]. Because, a large amount of mordenite fiber can eventually be mined and
used for the aforementioned applications, some concerns may raise due to the close resemblance of
mordenite with fibrous erionite which is known to be a carcinogenic agent. Currently, mordenite is
listed by the IARC in the Group 3 (not classifiable as to its carcinogenicity to humans) [29]. However,
as stated in the IARC Monographs Preamble 2019 [30], an evaluation in Group 3 is not a statement
of non-carcinogenicity or overall safety. Moreover, as pointed out by the IARC Working Group in
the Monographs 68, the main cause of difficulties in the classification of mordenite is the lack of
sufficient literature data [29]. Indeed, no data are currently available on the toxicity and pathogenicity
of mordenite in exposed humans. At the same time, the number of in vitro investigations and
animal carcinogenicity studies related to mordenite are very few if compared to those relating to
asbestos or erionite [2,29]. One of the first studies concerning biological activity of mordenite was
done by Suzuki [31] who used two naturally occurring erionite and mordenite samples, to test their
carcinogenic and fibrogenic effects on mice. The results of this study showed that both the erionite-
and mordenite-treated mice developed fibrosis, but the effect was more pronounced in the case of
erionite. In a later study by Suzuki et al. [32], a larger group of animals was subjected to intraperitoneal
and intra-abdominal injection of mordenite and other mineral fibers types. In the mice exposed to
mordenite, no peritoneal tumours were seen at the end of the test (7–23 months after injection), and there
were no tumours in other organs. Peritoneal fibrosis was observed; however, in mordenite-treated mice.
The fibrogenicity of mordenite was confirmed by the works of Tátrai et al. [33] and Adamis et al. [34].
Overall, the few studies on mordenite found in the literature states that fibrous erionite is more
carcinogenic than fibrous mordenite and the health risk associated to this latter is relatively low
or null [29].

As a matter of fact, the key factors in toxicity, inflammation and pathogenicity of mineral fibers
are [4,12,35,36]: (a) morphology, (b) surface reactivity, and (c) biopersistence.

The length (L) and width (W) of mineral fibers (i.e., the main parameters of fibers morphology) are
key factors in toxicity, inflammation and pathogenicity of mineral fibres [37–40], while the curvature
of the fibers affects the binding process of proteins and influence cell adhesion [35,41]. According to
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Stanton et al. [37] the optimal morphological parameters of a fiber to induce lung disease are L > 8 µm
and W < 0.25 µm. The crystal habit of a fiber influences its depositional pathway in the respiratory
tract [35,38,42]. At same time, the density determines its aerodynamic diameter and therefore it affects
the deposition depth of inhaled fibre in the airways [35,43].

Surface reactivity of a mineral fiber is strongly influenced by the iron found at the surface of
mineral fibers and the electric charges surrounding the fibres [35,44–47]. Iron promotes the formation
of the reactive oxygen species (ROS), with cyto- and genotoxic effects through a Fenton-like chain
reaction [35,46–48]. To be active, iron sites must be on the surface of the fiber where they can be in
contact with the extracellular or intracellular environment [35,49]. The electric charges surrounding
the fibers, measured as zeta potential, may correlate with a number of phenomena responsible for
adverse effects [35,50].

One of the key parameters in the mineral fiber toxicity is the biopersistence as it influences the
capability to induce chronic inflammation and pathogenicity in the lungs [35,36,38,51,52]. Biopersistence
is the ability of an exogenous particle (such as a mineral fiber) to persist in the human body regardless of
chemical dissolution (biodurability) and physical clearance mechanisms [35,36,38,51,52]. Mineral fibers
carried by the air can pass the upper respiratory system (the first defence mechanism of the body against
alien particles) and settle in the alveolar space where they promote the recruitment of phagocytic cells
(e.g., macrophages) in charge of dissolution and clearance of the fibers [35,51,52]. This second defence
mechanism of the body against respirable particles is effective for small spherical objects but fails for
longer and thinner fibers [37,38]. When macrophages fail to completely internalize the longer fibers
(i.e., frustrated phagocytosis), an inflammatory activity is prompted [36]. This inflammatory activity
become chronic, because fibers can be biopersistent and resist reiterated attempts of phagocytosis [35–40].
Generally, if a mineral fibre rapidly dissolves in the lung (i.e., low biodurability), it is assumed that it
has a low biopersistence and is less toxic than a mineral fiber with high biodurability [36,51,52].

The main aim of this study is to verify if fibrous mordenite possesses the above-mentioned
“toxicity kay factors”. Moreover, to objectively evaluate the hazard associated to the fibrous mordenite
respect to the fibrous erionite, these two mineral fibers were compared from the morphological and
chemical-physical point of view. Fibrous mordenite from Poona, India, was used as a representative
member of fibrous mordenite zeolites. The studied mordenite sample was characterized using a suite
of experimental techniques, and its characteristics were compared to those of fibrous erionite described
in literature.

2. Materials and Methods

2.1. Mordenite Sample

The mordenite sample taken into consideration comes from the zeolite collection of the Chemical
and Geological Sciences Department of the University of Modena and Reggio Emilia, Italy. This sample
was recovered in the suburb of Pashan in the Poona district, Maharashtra, India. It is a hydrothermal
origin mordenite and is an orthorhombic silica-rich zeolite. Crystal structure and crystal chemistry
of this zeolite were identified and described by Passaglia. [19]. Cell parameters of this mordenite
are a = 18.094(4) Å; b = 20.477(4) Å; c = 7.520(2) Å; V = 2786 Å3 [19]. Generally, this mineral occurs
in the voids of basalt flows belonging to the Deccan Traps. Mordenite crystals are extremely thin,
almost capillary size, and either form radiating tufts or tangled woolly adhering to the walls of
cavities [53]. Figure 1 shows an image of the sample. The specimen is approximately 3 cm long
and approximately 1 cm wide. The mordenite fibers form radial fibrous tufts or cotton-like material.
Small quartz crystals are perched on the fibers or hidden between them.
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Figure 1. A stereomicroscopic image of the mordenite from Poona district, Maharashtra, India.

2.2. Electron Microscopy

Morphological observations were performed using an environmental scanning electron microscope
(ESEM) FEI Quanta-200 equipped with energy-dispersive X-ray (EDX) spectrometer Oxford INCA-350
for microchemical analyses. Operating conditions were 15 kV accelerating voltage, 3.5 µA beam current
11 mm working distance and 0◦ tilt angle. Small amounts of powder from samples were mixed with
1 mL of ethanol. A drop of the suspension was laid on a carbon tape mounted on an Al stub and gold
coated (10 nm thick). Images were collected using the signal of secondary electrons. The surface of
the samples was investigated, working at different magnification levels, from 1000× up to 20,000×.
The fiber size and morphometric parameters were determined on ∼100 individual fibers, using 15
scanning electron microscope (SEM) images. Lengths and diameters were calculated using ImageJ
image analysis software, version 1.52a [54].

The chemical composition of the mordenite was obtained by SEM-EDX following the procedure
described by Mattioli et al. [13]. SEM-EDX chemical data were acquired using a low counting time
to avoid an increase in temperature on the fiber’s surface and minimize the migration of alkaline
metals [13].

2.3. Fiber Density and Aerodynamic Diameter

Theoretical density of the mordenite fibers was obtained using the following formula: (molecular
weight × number of molecules per unit cell)/(volume of unit cell × Avogadro’s number). The density
of zeolite it is a fundamental parameter for the calculation of the aerodynamic diameter (Dae) of its
fibers [55]. Dae influences the deposition depth of inhaled particles in the airways [55]. Particles with
Dae > 5 µm are deposited in the nasal respiratory tract, whereas particle with 3 ≤ Dae ≤ 15 µm are
deposited in the lower respiratory tract that extends from the trachea to the lungs [43,55,56], which is
the main focus of respiratory diseases [57]. Particles with Dae ≈ 2–3 and <0.2 can easily settle in the
alveolar space [55]. Dae can be calculate using the equation by Gonda and Abd El Khalik [58]:

Dae = d
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where d = fiber diameter; β = fiber length/d (aspect ratio); ρ = density; ρ0 = unit density (1 g/cm3).

2.4. Determination of the Zeta Potential

When a solid particle is suspended in a liquid medium, its charged surface is surrounded by
ions of opposite sign from the liquid phase [40,49,50]. The arrangement of the mobile ions at the
solid–liquid interface is called the electrical double layer (EDL). According to the Gouy–Chapman–Stern
model [50,59–61], EDL is a thin film of ions with nonzero net charge composed of two layers: the first
one is a compact and relatively immobile layer of ions adsorbed to the solid surface (Stern layer);
the second is a diffuse layer of mobile ions outside the Stern layer, which penetrates to a certain extent
in the liquid phase. The zeta potential is the electrostatic potential at the boundary dividing the two
layers [50,59–61]. Knowing the zeta potential of mineral fibers is an important tool for understanding
the reactions that may occur at the fiber-living matter interface [35,55]. The zeta potential of the
mordenite sample was determined using a Zetasizer Nano Series instrument (Malvern, Worcestershire,
UK). Analysis were performed using double-distilled water (resistivity of 18.2 MΩ.cm) as dispersants.
Measurements were conducted at pH 4.5 and 7, a temperature of 37 ◦C and equilibration time of
120 s. A solution having pH 7 was chosen to reproduce the extracellular environment [35,60,61].
Subsequently, the solution was adjusted to pH 4.5 using diluted HCl, to replicate the intracellular
chemical environment of the macrophage [35,60,61].

2.5. Biodurability

Biodurability of mineral fibers is their ability to resist to the chemical/biochemical alteration [41,44].
Biodurability of the mordenite fibers was determined by dissolutions batch test at 37 ◦C. Test was
conducted by leaching 6 samples (10 mg) of sample into a batch reactor with a water and HCl solution
(100 mL) at pH = 4. The degree of dissolution is determined by measuring the change of the sample
mass after different times: 24 h, 48 h, 1 week, 2 weeks, 1 month, 2 months, and 3 months. The dissolved
mass fraction (Dmf) of the mordenite was calculated using the following equation [62]:

Dm f = 1− (mt/m0) (2)

The dissolved mass fraction of the mineral fibers can be used as a useful parameter to identify the
relatively biodurability of a fiber. According to the results of the tests carried out by Gualtieri et al. [51,62],
during the 90 days of the dissolution test, the Dfm of biodurable fibers (i.e., erionite and amphibole
asbestos) never exceeds the threshold of 0.4. In contrast, chrysotile, commonly recognized as a
modest biodegradable mineral fiber, shows Dfm values above 0.4, just two weeks after the start of the
dissolution test [51,62].

3. Results

A gallery of acquired SEM images of the sample is reported in Figure 2. Mordenite from Poona
occurs as very elongated and prismatic crystals with average width ~7 µm and length up to 600 µm.
Furthermore, in the sample, acicular and fibrous mordenite crystals with diameters <1 µm are also
present, sometimes grouped in bundles of large size. SEM images also showed that mordenite fibers
have flat surface, roughly prismatic morphology and a low flexibility. The summary statistics of
the geometry of the fibers not grouped in bundles are reported in Table 1. The data display a wide
range of length (L) values which ranging from 2.09 to 118 µm (average 20.8 µm), but the longer
fibers predominate in the population. In fact, more than 75% of the fibers are longer than 11 µm.
The widths of the fibers range overall between 0.11 and 3.34 µm, 50% of the fibers show a width of
higher than 0.59 µm.
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Figure 2. Selected examples of SEM microphotographs of the mordenite samples: (a,b) general
overview of the sample; (c,d) close-up of very elongated and narrow mordenite crystals.

Table 1. Summary statistic of mordenite fibers geometry. L (length); W (width); Min (minimum);
Max (maximum); σ (standard deviation). * Percentile is a value below which a given percentage of
values in a dataset fall. Example: given a group of observations, the 25th percentile is the value that is
greater or equal to 25% of the observations, i.e., the 25% of fibers have L ≤ 11.2 µm and W ≤ 0.61 µm.

Percentiles *

Min 5th 25th 50th 75th 95th Max σ

L (µm) 2.09 3.52 11.2 20.8 36.7 56.1 118 20.5
W (µm) 0.11 0.18 0.61 0.95 1.24 1.80 3.34 0.58

According to the World Health Organization (WHO) guidelines, mineral fibers of respirable size
with relevant biological activity (so-called “critical” fibers) are those equal to or longer than 5 µm
and having diameters up to 3 µm, with a length/width ratio (aspect ratio) ≥ 3:1 [63]. 75% of the 200
observed fibers fit the WHO counting criteria concerning width and only 10% of the fibers are shorter
than the length value set by the WHO. All of the investigated fibers showed an aspect ratio > 3.

As reported by Mattioli et al. [64], erionite fibers can exhibit two main morphologies. Fibrous
erionite may occur with the typical “woolly” aspect, i.e., a thin and flexible fibrous habit that looks
the same as wool. The fiber length may exceed 200 µm and the width ranging from 0.5 to 3 µm [64].
The fibers of the second type are acicular with diameter of 2–5 µm and lengths up to 30 µm [64].
They are generally grouped together in bundles up to 100 µm in length and variable width. As is the
case for the mordenite, even the erionite bundles have great tendency to separate into straight and
quite rigid thin fibrils (average diameter 0.5 µm) [64].
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Applying the Equation (1) to a representative Poona mordenite fiber with theoretical density
ρ = 2.11/cm3, mean length 20.8 µm and average diameter (d) = 0.95 µm, the obtained Dae is 2.63 µm.
Accordingly, it can be assumed that the mordenite fibers of the studied sample can easily penetrate
through the respiratory tract and settle in the alveolar space [55]. Data concerning the aerodynamic
diameter of erionite fibers are not available in the literature. However, since erionite is considered a
positive carcinogen, its fibers are assumed to be classified as breathable/inhalable.

The results of the EDX analyses expressed as a percentage by weight with standard deviations
are shown in Table 2. The data were obtained by averaging several point-analyses carried out on ten
distinct mordenite crystals. Because EDX analyses of fibrous zeolite may be subject to critical errors,
two criteria were adopted to assess the reliability of the data. Sum of the Si + Al atoms (47.79) close to
the half of the oxygen atoms (48); total balance errors E = [(Al − Altheor.)/Altheor.] × 100 lower than 10%,
where Altheor. = (Na + K) + 2(Ca +Mg).

Table 2. Elemental composition of Poona mordenite and erionite from Nevada and Karain [64].
* Chemical data are renormalized using a theoretical water content of 14.0 wt%. Standard deviation
in brackets.

wt%
Mordenite

Poona (India)
Erionite

Nevada (USA)
Erionite

Karain (Turkey)

SiO2 68.82(1.57) 58.47(0.35) 56.66(0.32)
Al2O3 10.35(0.92) 14.30(0.21) 13.63(0.27)
Fe2O3 0.20(0.03) 0.13(0.05) 0.07(0.04)
MgO 0.08(0.01) 0.48(0.12) 0.02(0.10)
CaO 2.95(0.59) 3.35(0.23) 1.85(0.10)

Na2O 3.17(0.98) 0.80(0.10) 2.48(0.16)
K2O 0.21(0.09) 4.17(0.29) 5.49(0.45)
H2O 14.0 * 18.46(0.45) 19.60(0.42)
Tot 99.98(1.84) 81.54 80.40

The chemical formula of mordenite from Poona, as determined from EDX spot analyses is:

(Na3.63K0.16Ca1.87Mg0.07)[Al7.21Si40.67O96]28 H2O

The unit formula was calculated on the basis of 96 oxygens. The Fe2O3 content was considered
not incorporated in the zeolite. In Table 2, the chemical composition of fibrous erionite from Nevada
(USA) and Karain (Turkey) is reported for comparison [64]. The mordenite has a content of tetrahedral
atoms [Si/(Si + Al) = 0.85] within the known range of this mineral species (0.80–0.85). The Si/Al ratio of
Poona mordenite (5.64) is significantly higher that the erionite from Nevada and Karain (3.47 and 3.52,
respectively). The non-framework cation composition of mordenite is mostly Na-dominant, whereas,
K is the dominant extra-framework cation in the structure of erionite samples.

The total Fe content is one of the most important factors for the fiber-induced patho-biological
activity [35,48]. As far as erionite is concerned, several studies confirming the absence of iron in
the structure of erionite [65–68]. Generally, iron is associated with iron-rich impurities (oxides,
hydroxides or sulphates) present as particles or nanoparticles coating the surface of the erionite
fibers [66]. Regarding mordenite, our investigations supporting the hypothesis that the Fe2O3 content
as incorporated in the extra-zeolite phases. SEM micrographs and relative EDX analysis on the Poona
mordenite sample revealing the presence of iron-rich particles at the surface of the fibers. Figure 3
displays a close-up of the fibers surface. On fibers surface, small particles and clusters, were observed.
Relative EDX analysis showed that such particles are enriched in iron with respect to the bulk (Figure 4).
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Figure 3. SEM images of mordenite fibers. Both images show mordenite fibers and particles on their
surface (maybe hematite or goethite [65]). Some particles are pointed out with red arrows.

The zeta potential of fibrous zeolites was studied in depth by Pollastri et al. [50] and
Gualtieri et al [16]. When double distilled water is chosen as the dispersion medium, the zeolite
fibers show negative values of the zeta potential. According to the zeta potential model applied to
zeolites [50], the presence of extra-framework cations determines a positive charge of the Stern layer,
and a resulting attraction of negatively charged molecules to form the diffused corona. Consequently,
the zeta potential will have negative values. The zeta potential of mordenite fibres under intracellular
conditions (i.e., at pH 4.5) displays values in the range −10 to −20 mV; while in extracellular conditions
(i.e., at pH 7.0) the values are in the range between −25 and −35 mV. These values are in agreement
with those measured for erionite [50].

The raw dissolution curve of the investigated fibrous mordenite is reported in Figure 5.
For comparison, the dissolution curves of UICC standard chrysotile and of fibrous erionite-Na
from Jersey (Nevada, USA) is reported [62]. Chrysotile asbestos can be considered a representative
member of mineral fibers with low biodurability [51,52,62], while erionite is considered a mineral
fiber with high biodurability [51,62]. As showed in the Figure 5, the difference in the dissolution time
of fibrous mordenite and erionite with respect to chrysotile asbestos is striking. After about 4000 h,
the UICC chrysotile is completely dissolved and its Dmf value is greater than 0.8. Otherwise, after the
same time interval, the Dmf of mordenite and erionite is lower than the threshold values of 0.4.
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Figure 4. Gallery of SEM pictures and relative EDX spot analyses of the Poona sample. (a) Poona
sample with acicular mordenite crystals: (b) Poona mordenite with microparticles enriched in iron
present at the surface of the fibers. (c) Typical EDX spectrum recorded on mordenite surface free from
the particles. No iron was found. (d) Representative EDX spectrum of the microparticles present in the
fibers surface. A peak produced by iron is observed.

 

 

Figure 5. The raw dissolution curves of Poona mordenite. Trend of raw dissolution curves of chrysotile
and fibrous erionite were reported for comparison [62].
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4. Discussion

Despite the considerable efforts of the scientific community in the last decades, to date, a conclusive
model explaining the toxicity mechanisms of asbestos has not been provided. Nevertheless, currently
investigations based on in vitro and in vivo models suggested that a crucial role in the pathogenesis
asbestos-related is played by the morphology of the fibers [35–38]. Chrysotile, asbestos amphibole,
and fibrous erionite are known to possess the well-known “asbestos-like” habit, i.e., these minerals
grow in a fibrous aggregate of curled, flexible, cylindrical, long, and thin crystals that readily separate.
On the contrary, most of the Poona mordenite crystals have a stocky shape or acicular habit and
null or low flexibility. However, in this context it is important to underline that natural mordenite
zeolite group show a wide range of crystal habit. In particular, the diagenetic mordenite often has a
morphology that resembles asbestos. Figure 6 shown a gallery of SEM image of mordenite from Ponza
Island (Italy) [26] and Lovelock (Nevada, USA) [14]. Both mordenite samples occur in diagenetically
altered rhyolitic rocks. Ponza mordenite occurs as an aggregate of very thin fibers that forms a “brush”
texture (Figure 6a,b). Individual fibers have a slight degree of flexibility, W less than 0.5 µm and L in
the range of 10–15 µm. Lovelock mordenite fibers appear with a fibrous crystal habit and its fibers
have L ≈ 9 µm and W below 0.6 µm (Figure 6c,d).

 

≈

 

Figure 6. Gallery of SEM image of diagenetic mordenite. (a,b) Mordenite from Ponza Island (Italy).
Fibers show a typical asbestiform habit. (c,d) Mordenite from Lovelock (Nevada, USA). The fibers
bundles tend to separate into thin and quite rigid fibrils.

Although Poona mordenite does not show an asbestos-like habit and its morphology differs from
that of fibrous erionite as described by Mattioli [64], its airborne fibers can be deposited in the alveolar
space, where they high aspect ratio and biodurability may lead to the “frustrate phagocytosis” [38].
Since macrophages range in diameter from ∼10 to 20 µm [37,39], they cannot completely engulf the long
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mordenite fibers (average length >20 µm). This leads to incomplete (frustrated) phagocytosis, which is
characterized by the activation of the respiratory burst and the production of ROS and cytokines
responsible for adverse effects at the cellular and subcellular levels. [4,35–39,48].

The zeta potential of mordenite fibres, as well as erionite, displays values in the range −10 to
−35 mV. Such zeta potential values may affect several molecular and cellular biomechanics such as
cross-talk and apoptosis mechanisms, fiber encapsulation by collagen and redox-activated iron-rich
proteins, and the ROS generation [48,50].

As demonstrated by dissolution tests, mordenite possesses a high biodurability similar to that of
erionite. According to Gualtieri et al. [16] the biodurability of zeolites is strictly related to the Si/Al
framework ratio. In particular, the zeolite framework dissolution rate decreasing with increasing Si/Al
ratio and zeolites such as erionite and mordenite with Si/Al ratio > 3, show little to null dissolution in an
acid environment [69]. Given the close link between biodurability and biopersistence, mordenite fibers
are expected to persist and accumulate in the lower respiratory tract after being inhaled. As reported
by several studies, biopersistent fibers with a morphology similar to that of mordenite (L > 8 µm and
W < 0.25 µm) are able to trigger a chronic inflammatory process and related adverse effects [36–38].

For both fibrous erionite and mordenite, iron is not structural but associated with mineral particles
at the surface of the fibers. According to the model described for fibrous erionite in Gualtieri et al. [66],
iron-rich particles may dissolve during phagocytosis when the zeolite fibers are engulfed in the
phago-lysosome sacks at pH = 4–4.5. Dissolution may leave a residue of iron atoms at specific
sites anchored to the surface windows of the zeolite channels. These surface sites can be potential
catalysts for ROS generation. Therefore, as with erionite, mordenite has the potential to induce
oxidative stress [36,70,71].

5. Conclusions

Among airborne pollutants, asbestos fibers have undoubtedly the worst reputation. However,
recently, a new source of concern has arisen around fibrous zeolites and their potential health effect.
Up to now, erionite is the only zeolite classified as carcinogen for humans by the IARC. In the present
study we pointed out that, the fibrous mordenite has the same chemical-physical properties that are
deemed to prompt adverse health effects. In particular, our investigations showed that mordenite,
as with erionite, can display an asbestos-like shape and its fibers can be released as airborne particulate
of breathable size. As demonstrated by the zeta potential analyses, the surface activity of mordenite
is similar to erionite. Moreover, iron of mordenite is not structural but associated with secondary
phases at the zeolite surface. The surface properties of fibrous mordenite, during fiber phagocytosis,
may indirectly induce the formation of ROS with cyto-genotoxic effects. Based on the results of our
dissolution tests is expected that mordenite is biodurable similar to erionite in the intracellular and
extracellular environment. From this point of view, fibrous mordenite can be considered as a potential
health hazard similar to fibrous erionite.

Currently, one of the main deposits of mordenite-rich exploded for industrial applications is the
St. Cloud’s Rome mordenite (a zeolite mineral) deposit in Rome, Oregon, in Malheur County (USA).
Furthermore, mordenite occurs as the main phase in the zeolitized rocks of several countries such as
Italy, Greece, Japan, and India. In this context, the implementation of a national/international policy for
the elimination of potential exposure to dust containing mordenite fibers generated during extraction
and grinding, as well as production and the use of material contains mordenite, should be taken into
consideration by public authorities.

For a definitive and complete understanding of the potential toxicity of fibrous mordenite, in vitro
toxicity test and animal carcinogenicity studies should be performed and compared to the outcome of
our study to stimulate a critical evaluation and a possible reclassification of mordenite by the IARC.
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Abstract: Nanosized zeolites with larger external surface area and decreased diffusion pathway
provide many potential opportunities in adsorption, diffusion, and catalytic applications. Herein,
we report a designer synthesis of ultra-fine Fe-LTL zeolite nanocrystals under very mild synthesis
conditions. We prepared Fe-LTL zeolite nanocrystals synthesized using L precursor. The precursor is
aging at room temperature to obtain zeolite L nuclei. In order to investigate more details of Fe-LTL
zeolite nanocrystals, various characterizations including X-ray diffraction (XRD), inductively coupled
plasma (ICP), diffuse reflectance ultraviolet-visible (UV-Vis) spectroscopy, confirm the tetrahedral Fe3+

species in the zeolite framework. Besides, scanning electron microscope (SEM), Fourier transform
infrared spectrometer (FT-IR), dynamic light scattering (DLS) indicate that the average particle size of
Fe-LTL zeolite crystals is approximately 30 nm. Thus, ultra-fine Fe-LTL zeolite with large external
surface area and shorter diffusion pathway to the active sites might have great potential in the
near future.

Keywords: zeolite L precursor; Fe-LTL zeolite; ultra-fine

1. Introduction

Zeolites as promising adsorbents, ion-exchangers, and catalysts have been widely used in
the fields of catalysis, separations, and adsorption [1–14]. In particular, they have accelerated the
development of heterogeneous catalysis and separation processes because of their large internal
surface area, unique channel systems, high pore volume, and adjustable active sites. The chemical
composition and pore architecture of zeolites are important, however, the precise control of their
crystallite morphology also has a significant influence on their applications in catalysis and adsorption.
As the crystal size decreases below 100 nm, the zeolite external surface area, which is distinct from the
internal pore surface and is negligible for micron-sized zeolites, increases dramatically, resulting in
zeolites with over 25% of the total surface area on the external surface [15]. Shorter diffusion path
length of nanosized zeolites is another advantage compared to micron-sized zeolites. The improved
properties of nanosized zeolites for adsorption and diffusion provide many potential opportunities
for their applications in environmental catalysis, environmental remediation, decontamination,
and drug delivery [16]. Thus, zeolite nanocrystals have been paid much attention because of
their widespread applications, the strategies for the preparation of zeolite nanocrystals are necessary
and important [17–21]. Nonetheless, designer synthesis of pure zeolite nanocrystals is still challenging
at present.
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The structure of zeolite LTL is hexagonal (space group P6/mmm) with unit cell constants a = 18.4 Å
and c = 7.5 Å [22]. The linkages of the cancrinite cages by double 6-rings (D6R) lead to the formation
of columns in the c-direction and thus give rise to 12-membered rings with a free diameter of
7.1 Å [23]. Over past 20 years, zeolite L has drawn much attention for their applications in catalytic
processes [24–27], ion-exchange and separations [28,29], and photonic devices [30,31]. Notably,
iron catalysts, supported on different solids, have been widely applied in Fischer-Tropsch reaction for
many years. Combining the advantages of iron and LTL zeolites, it is very meaningful to synthesize
ultra-fine Fe-LTL zeolite nanocrystals, which are potentially significant for catalytic applications.

Herein, we report a designer synthesis of ultra-fine Fe-LTL zeolite nanocrystals under very
mild synthesis conditions. We prepared Fe-LTL zeolite nanocrystals synthesized using L precursor.
The precursor is aging at room temperature to obtain zeolite L nuclei. Notably, the average
crystal size of Fe-LTL zeolite nanocrystals we obtained is approximately 30 nm, which is smaller
than the previous reports. In order to investigate more details of Fe-LTL zeolite nanocrystals,
various characterizations including X-ray diffraction (XRD), diffuse reflectance ultraviolet-visible
(UV-Vis) spectroscopy, confirm the tetrahedral Fe3+ species in the zeolite framework. Besides,
scanning electron microscope (SEM), Fourier transform infrared spectrometer (FT-IR), dynamic light
scattering (DLS) indicate the nanoscale of zeolite crystals. Ultra-fine Fe-LTL zeolite with large external
surface area and shorter diffusion pathway to the active sites might have great potential in the
near future.

2. Materials and Methods

2.1. Materials

The following chemicals were utilized: sodium aluminate (NaAlO2, 36.6% Na2O, and 43.3% Al2O3,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), sodium hydroxide (NaOH, AR, 96%,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), potassium hydroxide (KOH, AR, 85%,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), silica sol (LUDOX HS-40, 40% SiO2

in water, Sigma Aldrich, St. Louis, MO, USA), aluminum sulfate (Al2(SO4)3·18H2O, AR, 99%,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), sodium silicate solution (253.8 g/L
SiO2, 77.8 g/L Na2O of 1 L sodium silicate solution), ferric chloride hexahydrate (FeCl3·6H2O,
AR, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)

2.1.1. Synthesis of Zeolite L Precursor

As a typical run, zeolite L precursor was prepared by mixing 10 mL deionized H2O, 0.472 g
sodium aluminate and 3.76 g potassium hydroxide under stirring for 10 min, 8.4 g silica sol was added
later. After the solution was stirred for 1 h, 0.24 g sodium hydroxide was finally added, followed
by aging at room temperature for 72 h, giving a clear solution. The molar ratio of the precursor is
3.0Na2O/14.3K2O/Al2O3/28SiO2/413H2O.

2.1.2. Synthesis of Fe-L Samples

Zeolite Fe-L nanocrystals were hydrothermally synthesized at the temperature of 80 ◦C for
3 days with 2.1Na2O/3.4K2O/Al2O3/15SiO2/0.6FeCl3/250H2O molar ratios of initial synthesis gels in
the presence of zeolite L precursor. As a typical run, 1.16 g potassium hydroxide was added to 10.9 g
sodium silicate solution, followed by introducing 1.4 g deionized H2O. After stirring for about 1 h,
1.665 g aluminum sulfate was added to the mixture, followed by the addition of 0.4 g FeCl3·6H2O,
finally the last addition of 2.0 mL zeolite L precursor. After being stirred for 2 h at room temperature,
the mixture was transferred into an autoclave to crystallize at 80 ◦C for 3 days. The products were
collected by filtration, washed with deionized H2O, and dried in air, respectively. The H-form of
the samples was prepared by triple ion-exchange with 1M of NH4NO3 solution at 80 ◦C for 1 h and
calcination at 550 ◦C for 5 h.
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2.1.3. Synthesis of Conventional Fe-L Zeolite

Conventional Fe-L crystal was hydrothermally synthesized at the temperature of 180 ◦C for 1 day
with 1.56K2O/Al/6.25SiO2/0.25FeCl3/90H2O molar ratios of starting gels. The product was collected by
filtration, washed with deionized H2O, and dried in air. The H-form of the sample was prepared by
triple ion-exchange with 1M of NH4NO3 solution at 80 ◦C for 1 h and calcination at 550 ◦C for 5 h.

2.2. Methods

Powder X-ray diffraction (XRD) (Rigaku, Tokoyo, Japan) data were experimented at room
temperature with a Rigaku Ultimate VI X-ray diffractometer (40 kV, 40 mA) using CuKα (λ = 1.5406 Å)
radiation. Crystallinity of samples is calculated by area of peaks at 5.7◦, 19◦, 22◦, and 28◦ from
the XRD patterns. Scanning electron microscopy (SEM) (Hitachi, Tokoyo, Japan) experiments were
carried out on Hitachi SU-8010 and SU-1510 electron microscopes. Dynamic light scattering (DLS)
(Malvern, Malvern City, UK) experiments were measured using a Malvern Instrument Zetasizer
Nano ZS90. Nitrogen sorption experiments (Micromeritics, Atlanta, GA, USA) were performed on
a Micromeritics TriStar II at −196 ◦C. The pore volume and surface area were calculated using the
t-plot and BET methods. UV-Vis analysis, using BaSO4 as the internal standard sample was performed
on a Perkin-Elmer Lambda 20 spectrometer (Perkin Elmer, Waltham, MA, USA). Fourier transform
infrared spectrometer (FT-IR) was measured on a FTIR 7600 Spectrometer (Lambda, Sydney, Australia).
The sample composition was tested by ICP with a Perkin-Elmer 3300DV emission spectrometer.

3. Results and Discussion

Figure 1a–d shows the XRD patterns of as-synthesized and calcined Fe-LTL nanocrystals
(Fe-LTL-N), conventional Fe-LTL (Fe-LTL-C), and calcined Fe-LTL-N, Fe-LTL-C samples. These samples
give a series of characteristic peaks of the LTL framework structure. The peaks of Fe-LTL-N are broader
than those of Fe-LTL-C, indicating the crystal size of Fe-LTL-N samples is nanoscale. After calcination,
these peaks are basically remained, indicating their good thermal stability.

 

−

  

Figure 1. XRD patterns of (a) as-synthesized Fe-LTL-N, (b) calcined Fe-LTL-N, (c) as-synthesized
Fe-LTL-C, (d) calcined Fe-LTL-C, respectively.

Figure 2 gives the SEM images of as-synthesized Fe-LTL-N, Fe-LTL-C samples. Figure 2a exhibits
nanocylindrical morphology of Fe-LTL-N with size of 20–50 nm, while the morphology of Fe-LTL-C is
micron cylindrical (Figure 2b). It is well consistent with the result from XRD testing of Fe-LTL-N and
Fe-LTL-C samples. The particle size distribution (Figure 3) shows the average particle size of Fe-LTL-N
is 30 nm. Notably, agglomeration of Fe-LTL-N is also exhibited in Figure 2a. Zeolite nanocrystals with
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smaller sizes have higher relative surface area and higher energy. To minimize its surface energy the
nanocrystals create agglomeration.

 

−

b a 

Figure 2. SEM images of as-synthesized (a) Fe-LTL-N, (b) Fe-LTL-C.

Figure 3. DLS curve of as-synthesized Fe-LTL-N. 
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Figure 3. DLS curve of as-synthesized Fe-LTL-N.

The porosity and specific surface area of Fe-LTL-N and Fe-LTL-C samples were characterized
by nitrogen adsorption measurement (Figure 4a,b), which displays the related parameters, as shown
in Table 1. Fe-LTL-N sample shows a mixed isotherm curve of Type I and IV with a large H1-type
hysteresis. As the Table 1 shows, the total pore volume of Fe-LTL-N is 0.38 cm3g−1, while the
conventional Fe-LTL zeolite shows relatively low pore volume at only 0.19 cm3g−1. The results are
consistent with that of XRD patterns and SEM images.
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Figure 4. N2 isotherm sorption of (a) Fe-LTL-N, (b) Fe-LTL-C.

Table 1. Textural parameters of Fe-LTL samples.

Sample SBET (m2g−1) Smicro (m2g−1) Vtotal (cm3g−1) Vmicro (cm3g−1)

Fe-LTL-N 285 228 0.38 0.10
Fe-LTL-C 142 128 0.19 0.12

Figure 5 displays the UV-vis spectrum of Fe-LTL-N, exhibiting a strong absorption band at 220 nm
with a distinct shoulder at 245 nm and weak bands at 379, 419, and 446 nm, which is in good agreement
with the previously reported results [32]. Both bands in the 220–250 nm range correspond to tetrahedral
Fe in the zeolite, where the band at 220 nm may be due to a different specific environment of Fe
within the zeolite framework. The absorption bands located at 379, 419, and 446 nm are assigned to
tetrahedral Fe3+ in the zeolite framework [33]. There were no obvious absorption peaks at near 320 nm,
indicating the absence of aggregated FeOx species in the extra-framework.
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Figure 5. UV-vis spectrum of as-synthesized Fe-LTL-N.
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Table 2 presents a systematic investigation on crystallization of Fe-LTL zeolite nanocrystals at
80 ◦C from aluminosilicate gels in the presence of L precursor. Interestingly, when the K2O/SiO2 in the
gels is optimized from 0.122 to 0.300, products of amorphous phase are obtained such as, a mixture of
amorphous phase with LTL structure, pure LTL, a mixture of LTL and amorphous (Figure 6A). However,
as the K2O/SiO2 ratio in the synthesis gel increases, there is significant broadening and a decrease in
height for peaks. Notably, sample obtained under Run 6 with poorer crystallinity shows decrease in
height of resolved IR spectrum compared with Fe-LTL-N sample (Figure S1). Combined with the XRD
pattern of sample (Run 6), it is probably a mixture of LTL and amorphous [34]. Moreover, the suitable
K2O/SiO2 ratio for crystallization of pure LTL structure is changed from 0.229 to 0.265. It is found that
the SiO2/Al2O3 ratio has a great influence on the crystallization of LTL zeolite. When the SiO2/Al2O3

ratio is less than 15, it is normally amorphous phase. When this ratio is distributed in the range of
15–25, a pure phase of LTL structure is usually formed (Figure 6B). Figure S1 also shows resolved IR
spectra of samples obtained under conditions of Run 10 and 11. Obviously, sample (Run 10) gives
similar IR spectrum as that of sample (Run 6), while sample (Run 11) has a further decrease in height
for the peaks. Therefore, the sample synthesized under Run 10 and 11 are probably mixture of LTL
and amorphous. Furthermore, the FeCl3/SiO2 ratio also influences the crystallization of Fe-LTL zeolite.
The Fe content and Si/Al ratios of samples is listed in Table 3. Clearly, samples obtained with more iron
content in the initial gel are likely to exhibit higher iron content and Si/Al ratios. As the Figure 6C
shows, the increase of iron content up to a certain amount in the initial synthesis gels tends to produce
samples with lower crystallinity. When this ratio in the initial gel reaches to 0.07, it is formed a mixture
of LTL with amorphous. It has been claimed that the presence of greater concentrations of iron in
the gel inhibited the formation of the cancrinite cage due to the larger Fe-O bond length compared
to Al-O [34]. Moreover, cancrinite cage is crucial in the formation of LTL zeolites. Thus, the amount
of iron in the synthesis gels really has a major impact on crystallinity of Fe-LTL zeolites. Moreover,
crystallization temperature has a great effect on the crystallization of zeolite crystals. Figure 7 shows
the XRD patterns of Fe-LTL zeolite nanocrystals synthesized with the same ratios of Run 4 at different
crystallization temperatures. Reasonably, higher crystallization of Fe-LTL zeolites tends to be obtained
at higher crystallization temperatures.

Table 2. Impact of synthesis conditions on crystallization of Fe-LTL zeolite nanocrystals
(Na2O/SiO2 = 0.14, H2O/SiO2 = 250, at 80 ◦C for 3 d).

Run K2O/SiO2 SiO2/Al2O3 FeCl3/SiO2 Product a Crystallinity b (%) Yield c (%)

1 0.122 15 0.04 Amor / /

2 0.158 15 0.04 Amor / /

3 0.193 15 0.04 Amor+LTL / /

4 0.229 15 0.04 LTL 100 40
5 0.265 15 0.04 LTL 65 56
6 0.300 15 0.04 LTL + Amor / /

7 0.229 10 0.04 Amor / /

8 0.229 20 0.04 LTL 65 36
9 0.229 25 0.04 LTL 80 30
10 0.229 30 0.04 LTL + Amor / /

11 0.229 40 0.04 LTL + Amor / /

12 0.229 15 0.03 LTL 100 30
13 0.229 15 0.05 LTL 100 67
14 0.229 15 0.06 LTL 100 72
15 0.229 15 0.07 LTL + Amor / /

16 0.229 15 0.08 LTL + Amor / /

a The phase appearing first is dominant. b Run 4 was designated as 100% crystallinity. c yield (%) = quantity of
product*100/quantity of SiO2 in the synthesis gel.
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Figure 6. XRD patterns of Fe-LTL zeolite crystals synthesized under various conditions in Table 2.
(A) XRD patterns of Fe-LTL zeolite crystals synthesized with different K2O/SiO2 ratios; (B) XRD patterns
of Fe-LTL zeolite crystals synthesized with different SiO2/Al2O3 ratios; (C) XRD patterns of Fe-LTL
zeolite crystals synthesized with different FeCl3/SiO2 ratios.

Table 3. Fe/Si and Si/Al ratios of different samples.

Run
Fe/Si Ratio in the

Initial Gel
Fe Content in the

Obtained Sample d
Si/Al Ratio in the

Obtained Sample d

12 0.03 2.07% 4.6
4 0.04 2.67% 4.7
13 0.05 3.33% 4.6
14 0.06 3.10% 5.3
15 0.07 3.74% 5.8
16 0.08 3.34% 5.9

d The iron content and Si/Al ratio was tested by ICP experiment.

 

Figure 7. XRD patterns of Fe-LTL zeolite crystals synthesized at (a) 80 ◦C, (b) 100 ◦C, (c) 120 ◦C,
(d) 140 ◦C, (e) 160 ◦C, (f) 180 ◦C, respectively.

After the systematic synthesis, aluminosilicate gel for crystallization of Fe-LTL zeolites at 80 ◦C
with molar ratio of 2.1Na2O/3.4K2O/Al2O3/15SiO2/0.6FeCl3/250H2O is suitable.
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4. Conclusions

In summary, we have successfully synthesized ultra-fine Fe-LTL zeolite nanocrystals under very
mild synthesis conditions. The average particle size of Fe-LTL zeolite nanocrystals is approximately
30 nm. Moreover, Fe-LTL-N zeolites that we obtained have advantages of larger external surface
area, shorter diffusion pathway, good thermal stability, narrow particle distribution. Very importantly,
tetrahedral Fe3+ is located in the zeolite framework of Fe-LTL-N. Designer synthesis of ultra-fine
Fe-LTL zeolite nanocrystals in this work has significant potential applications for industrial catalysis in
the near future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/9/813/s1,
Figure S1: IR spectra of Fe-LTL zeolite crystals synthesized under various conditions in Table 2.
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Abstract: The direct route using a bifunctional amphiphilic structuring agent for the synthesis of
hierarchical nanozeolites coupled with pseudomorphic transformation was used for the crystallization
of hierarchized zeolite beads/hollow spheres composed of ZSM-12 (MTW structural-type) with
nanosponge morphology. These beads/hollow spheres have the same average diameter of 20 µm as
their counterpart amorphous mesoporous silica beads used as precursor in the starting synthesis
mixture. The effects of synthesis parameters, such as stirring and treatment time at 140 ◦C, on the
morphology, structure, and texture of the materials have been investigated using X-ray diffraction
(XRD), N2 sorption, scanning electronic microscopy (SEM), and transmission electronic microscopy
(TEM) techniques. Static conditions were found necessary to maintain the morphology of the starting
amorphous silica beads. An Ostwald ripening phenomenon was observed with the increase in
hydrothermal treatment time leading to the dissolution of the interior of some beads to form core
shell beads or hollow spheres with larger crystals on the outer surface. These ZSM-12 beads/hollow
spheres possess higher porous volume than conventional ZSM-12 zeolite powder and can be used
directly for industrial applications.

Keywords: zeolite beads; hierarchical zeolite; pseudomorphic transformation; ZSM-12;
shaping; nanosponges

1. Introduction

Zeolites constitute a category of aluminosilicate crystals with microporous frameworks. They are
good candidates for adsorption, catalysis and separation due to their shape selectivity and high thermal
stability [1–6]. However, the diffusion of molecules is limited in micropores and thus the performance
of zeolites in catalytic reactions or adsorption often depends strongly on the size, morphology and
porosity (pore size and pore topology) of the crystals [7–10]. In catalysis, diffusional limitations often
lead to coke formation or reduce the accessibility to active sites. For molecular decontamination,
adsorption capacity and kinetics are mainly governed by pore size and porous volume. Zeolites having
a one-dimensional (1D) pore system, such as MTW, TON, or MOR type, and generally suffer from
a long diffusion path in crystals with high aspect ratios (length/width) and pore channels oriented
along the length [11]. In recent years, a particular attention has been brought to rationally design
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the crystal morphology and/or the porosity of a given zeolite in order to reduce diffusion path in
microporosity [12]. In this context, the reduction of crystal size or introducing larger pores appeared
the best strategies. Post-treatments consisting in dealumination or desilication are the conventional
methods for generating mesopores within zeolite crystals [13–16]. The crystallization of zeolites with
hierarchical micro/mesoporous structures by using bifunctional amphiphilic structure directing agent
was also identified as a performant alternative [9,17–26]. Moreover, the addition of additives, such as
crystal growth modifiers [27–29] or seed crystals (salt-aided seed-induced route) [8,30], also makes it
possible to tailor the size and the morphology of the crystals by inhibiting the crystal growth along
certain specific network planes or by controlling the process of dissolution-recrystallization, respectively.

ZSM-12 zeolite of MTW-type is a highly silicic 1D-pore system with a framework Si/Al molar
ratio always higher than 20, and has shown interesting features for acid catalysis such as high coking
resistance and high chemical stability [31]. It was first synthesized by Rosinski and Rubin [32] in a
reaction medium containing diethyl sulphate and triethylamine. In 1985, LaPierre et al. resolved the
structure using X-ray powder diffraction [33]. The unit cell is monoclinic, the space group is C2/m and
the unit cell parameters are: a = 24.88, b = 5.02 Å, c = 12.15 Å, and β = 107.7◦. The structure contains
rings with four, five, and six T atoms (T = Si or Al) and has a one-dimensional system of channels with
12 T atoms with pore openings of ~5.6 × 6.1 Å. Looking at the structure in a direction perpendicular to
the axis of the channels we can observe that the walls are formed only by six-atom rings T with an
opening of about 2.5 Å. This small opening prevents the passage of adsorbed molecules between the
channels [34]. As a consequence, ZSM-12 zeolite is characterized by non-interconnecting tubular-like
linear channels that were identified to be responsible for not allowing the accumulation of coking
precursors [31].

The particular micropores dimensions of the ZSM-12 zeolite, make it performant catalyst in
reactions involving cyclic hydrocarbons. Pazzucconi et al. used ZSM-12 zeolite for alkylation of
naphthalene in liquid phase at high pressure in the presence of 1,2,4-trimethylbenzene as a solvent, and
they reported a high activity and high selectivity of ZSM-12 zeolite to 2,6-dimethylnaphthalene [35,36].
Higher stability and higher activity on the reaction time in the catalytic cracking of naphthalene were
observed on ZSM-12 zeolite, which can provide insight into the catalytic performance for many reactions.
However, ZSM-12 zeolite also suffers diffusional limitations in micropores and the hierarchization of
the pore network was investigated and revealed beneficial to improve its catalytic performance.

Dugkhuntod et al. recently reported the synthesis of hierarchical ZSM-12 nanolayers via a dual
template method [37]. Hierarchical ZSM-12 nanolayers exhibit an improvement of catalytic activity
in terms of levulinic acid conversion compared to other hierarchical zeolite nanosheets, such as MFI
(ZSM-5) and FAU. The better catalytic performance was related to the enhanced mesoporosity and the
presence of a large one-dimensional 12-membered ring network, which can promote the accessibility
of bulky-molecules to active sites of zeolite.

Zeolites or hierarchized zeolites synthesized with conventional hydrothermal routes leads to
micrometer-sized crystals or nanocrystal aggregates, respectively, forming fine powder products.
However, the use of these materials in powder form can be disadvantageous for certain industrial
applications such as those based on continuous flow processes. Indeed, they can generate too much
pressure drop and cause clogging of the cartridges/columns/filters used on an industrial scale. Moreover,
these zeolite powders can be a source of secondary contamination and often fine powders causes
problems of handling (due to particles spreading). Therefore, the development of methods for shaping
these materials into objects of controllable shape and size is of great technological importance. However,
shaping methods of zeolite powder usually require several steps such as compacting, grinding and
sieving for obtaining grains of similar size, or assembling the zeolite particles by extrusion or mixing
in presence of organic (e.g., polymers) or inorganic (e.g., clays, sodium silicate) binders, which can
reduce the performance of the zeolite materials [38–40], or removal of sacrificial macrotemplates
(resin, . . . ) [41,42]. A one-step and binderless process such as pseudomorphic transformation is
an interesting alternative for shaping zeolite powder. This strategy consists by controlling the
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dissolution/crystallization process to transform a shaped material into another one having different
chemical composition but the same shape. This concept was successfully used by Anne Galarneau’s
team to synthesize micrometric beads and zeolite monoliths of the LTA, SOD and FAU type with
low Si/Al ratios [43–46]. Our group has recently reported the direct synthesis of hierarchical ZSM-5
beads [47] and monoliths with nanosheets morphology [48], and also plain and hollow purely silica
beads of silicalite-1 nanosheets by using the pseudomorphic transformation method [49]. Here,
we report the use of the pseudomorphic transformation concept to elaborate hierarchical ZSM-12
zeolite beads with nanosponges morphology thanks to the use of a dual-porogenic surfactant as a
template and growth inhibitor, which was used for zeolite *BEA nanosponge synthesis [9,21,25].

2. Materials and Methods

2.1. Preparation of ZSM-12 Beads

2.1.1. Synthesis of the Dual-Porogenic Surfactant Template

The dual-porogenic surfactant C22H45-N+(CH3)2-C6H12-N+(CH3)2-CH2-Phe-CH2-N+(CH3)2-
C6H12-N+(CH3)2-CH2-Phe-CH2-N+(CH3)2-C6H12-N+(CH3)2-C22H45, (Br−)2(Cl−)4, (abbreviated as
N6-Diphe, Phe = C6H4) have been used to generate ZSM-12 nanosponges beads and hollow spheres.
This surfactant has been synthetized in three steps following the procedure described by Na et al. [21].
16.2 g (0.01 mol) of 1-bromodocosane (TCI EUROPE N.V., Zwijndrecht, Belgium) and 68.8 g (0.1 mol)
of N,N,N’,N’-tetramethyl-1,6-diaminohexane (Sigma-Aldrich Chemie S.a.r.l., Saint-Quentin Fallavier,
France) were dissolved in 400 mL of acetonitrile/toluene mixture (1:1 vol/vol) and heated under reflux
at 70 ◦C for 12 h with magnetic stirring. After cooling to room temperature, the solvent was evaporated
by rotary evaporator, and the product was filtered, washed with diethyl ether, and dried under vacuum
at 50 ◦C. The product obtained was denoted C22-6-0.

In a second step, 8 g of C22-6-0 (0.01 mol) and 23.56 g (0.1 mol) of α,α’- dichloro-p-xylene
(Sigma-Aldrich Chemie S.a.r.l., Saint-Quentin Fallavier, France) were dissolved in 100 mL of acetonitrile,
which were heated to 60 ◦C for 48 h with magnetic stirring. After evaporation of the organic
solvent by rotary evaporator, the solid product of the formula C22H45-N+(CH3)2-C6H12-N+(CH3)2-
CH2-(p-C6H4)-CH2-Cl(Br−)(Cl−), designated C22-6-phe-Cl, was precipitated. This product was washed
with diethyl ether, filtered, and dried under vacuum at 50 ◦C. Finally, 10 g (0.02 mol) of C22-6-phe-Cl

and 1.12 g (0.01 mol) of N,N,N’,N’-tetramethyl-1,6-diaminohexane (Sigma-Aldrich Chemie S.a.r.l.,
Saint-Quentin Fallavier, France) were dissolved in 100 mL of chloroform and refluxed for 24 h under
magnetic agitation. The solvent was evaporated by rotary evaporator and a final solid product
(N6-diphe) was recovered. The solid was washed with diethyl ether, filtered, and dried under vacuum
at 50 ◦C. The yield was 80%.

Purity was checked by 1H liquid nuclear magnetic resonance (NMR), the chemical shifts obtained
are as follows: 1H NMR (CDCl3, 400 MHz, 25 ◦C): δ (ppm) [C3] 0.83 (m, 6H); 1.3 (m, 41H); 1.59 (s, 4H);
1.71 (s, 4H); 2.01 (s, 3H); [C2] 3.36 (s, 12H); [C1] 3.47 (m, 4H); 3.72 (m, 4H).

2.1.2. Synthesis of ZSM-12 Nanosponges Beads

First, 0.3 g of sodium hydroxide (NaOH 99%, Carlo Erba Reagents, Val-de-Reuil, France) and
0.037 g sodium aluminate (NaAlO2 92%, Strem Chemicals, Inc., Bischeim, France) were dissolved
in 21.3 g of distilled water. Then, 6.14 g of pure ethanol (ETOH, 99%, VWR International S.A.S,
Fontenay-sous-Bois, France) and 1.6 g of the dual-porogenic surfactant the N6-Diphe were added to the
previous mixture. In a next step, the obtained mixture was mixed with 1 g of amorphous mesoporous
silica beads with an average size of 20 µm (data given by the supplier SiliCycle Inc., Quebec, Canada)
to set the molar composition to: 1 SiO2: 0.22 Na2O: 0.0125 Al2O3: 0.05 N6-Diphe: 8 EtOH: 71 H2O.
The resulting precursor gel was introduced in a PTFE®-lined stainless-steel autoclave of 45 mL for
crystallization at 140 ◦C for 4 days under tumbling conditions at 60 rpm or under static mode for several
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days (4, 5, 7, 14 and 21 days). The final product is recovered by filtration, then washed with distilled
water before drying for 12 h at 80 ◦C. The dual porogenic surfactant was eliminated by calcination
under air at 550 ◦C for 8 h.

The synthesized samples are denoted t-S, or t-NS, where “t” stands for the hydrothermal treatment
time at 140 ◦C, and “S” or “NS” means that the samples was synthetized under tumbling stirring or
not (static mode), respectively

2.2. Characterization of Zeolite Beads

The purity and crystallinity of the obtained samples was checked by X-ray diffraction (XRD).
The samples were introduced in glass capillaries and the X-ray patterns were recorded using a
STOE STADI-P (STOE & Cie GmbH, Darmstadt, Germany) diffractometer using Cu Kα1 radiation
(λ = 0.15406 nm) in the range 3◦ < 2θ < 50◦.

Scanning and transmission electron microscopy (SEM and TEM) were performed to analyze
morphology, homogeneity, and particle sizes. Philips XL30 FEG (Field Emission Gun) (Philips, Verdun,
France) and JEOL JSM-7900F (JEOL, Val-de-Reuil, France) scanning electron microscopes (SEM) were
used. The later was equipped with a BRUKER QUANTAX spectrometer (BRUKER, Champs sur Marne,
France) for the energy dispersive X-ray analyses (EDX). The transmission electron microscopy (TEM)
was carried out on a JEOL (Val-de-Reuil, France) model ARM 200, operating at 200 kV, with a point-to
point resolution of 80 pm. For EDX analyses, samples were previously embedded in an epoxy resin for
cold mounting (Epofix from Struer S.A.S. Champigny sur Marne, France), which was grinded with
various grinding papers and then polished until a soft surface was obtained.

Nitrogen sorption isotherms were recorded at −196 ◦C using a Micromeritics (Merignac, France)
sorptometer (model ASAP 2420). In prior analyses, the samples were out-gassed under vacuum at
300 ◦C for 15 h. The BET method was used for determining the specific surface area. The total pore
volume was determined from the total amount of N2 adsorbed at saturation (i.e., at p/p◦ = 0.99 in
absence of textural porosity). The Density Functional Method (DFT) method was applied on the
adsorption branch in order to obtain the pore size distributions [50]. The microporous volumes were
calculated by using a modified t-plot method.

The amounts of dual porogenic agent occluded within the porosity of sample were determined by
thermogravimetric analysis (METTLER TOLEDO, Viroflay, France, model TG/DSC STARe) from 20 to
800 ◦C under air with a heating rate of 5 ◦C/min−1.

The Si/Al molar ratios were determined using X-ray fluorescence spectrometry (XRF) performed
on a PANalytical (Limeil-Brévannes, France) equipment model Zetium and from EDX analyses.

3. Results and Discussion

The purity and crystallinity of the synthesized zeolites were investigated by X-ray diffraction
(Figure 1). The X-ray patterns of the all obtained materials present diffraction peaks, which correspond
to a pure phase of ZSM-12 zeolite in agreement with the corresponding patterns available in the
literature [51]. The diffraction peaks are broader for samples hydrothermally treated under static
conditions for 4, 5 and 7 days (4-NS, 5-NS and 7-NS, respectively), which indicate a small crystal
size and/or a low crystallinity degree. The thinner diffraction peaks with higher intensity observed
after 4 days of hydrothermal treatment with mechanical stirring (4-S) and after 14 and 21 days in
static mode (14-NS and 21-NS, respectively) indicate the presence of larger crystal sizes and/or high
crystallinity degree.
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Figure 1. XRD patterns of the calcined ZSM-12 zeolites obtained by pseudomorphic transformation
and XRD reference pattern of ZSM-12 zeolite [51].

SEM images displayed in Figure 2 show that the morphology of the parent silica beads (Figure S1)
has been totally lost for the sample 4-S synthesized under stirring (Figure 2a). However, the nanosponge
morphology was observed by TEM (Figure 3a). Indeed, TEM image show nano-sized zeolite crystals
delimiting mesopores with narrow pore size distribution as a result of the self-assembly of the
long hydrocarbon chains of the multiammonium surfactant used as structure directing agent. This,
in complement of XRD data, indicates that stirring favor a fast crystallization of ZSM-12 nanosponges
but induce the loss of the parent bead morphology. On the other hand, the spherical morphology of
the parent amorphous silica beads was maintained when the hydrothermal treatment was carried out
in static mode for all investigated durations (Figure 2b–f). The breaking of the beads upon stirring
allowed a faster diffusion of reactants present in the liquid phase (aluminum source, bifunctional
structuring agent N6-Diphe) to the silica backbone compared to the plain beads. SEM images at high
magnification displayed in Figure 2 show that beads are constituted of spherical agglomerates of
ZSM-12 nanocrystals, with an average of 400 ± 90 nm diameter after four and five days of hydrothermal
treatment. The size of the agglomerates of ZSM-12 nanocrystals seems to increase slightly to reach
about 1 ± 0.2 µm by increasing the duration of the hydrothermal treatment to seven and 14 days,
and reaches about 1.7 ± 0.2 µm after 21 days. In parallel, the size ZSM-12 nanocrystals composing
these agglomerates increases from 4 nm (4-S and 4-NS samples) to reach a maximum of 80 nm after
21 days of hydrothermal treatment as shown in Figure 3a,b. The nanocrystal size distribution seems
also to increase while increase the hydrothermal treatment time, especially for 7-NS, 14-NS and 21-NS
samples (Figure 3c–e). These results are consistent with the sharper X-ray diffractions peaks when
increasing the time of the hydrothermal treatment. According to the TEM images of samples 4-S, 4-NS,
7-NS, 14-NS, and 21-NS displayed in Figure 3, nanosponges are composed by randomly agglomerated
nanocrystals interconnected by mesopores, which are characteristic of nanosponge morphology [9,25].
Since beads have been crushed for TEM observations, it is difficult to identify the location of the
crystals of different sizes in the obtained beads. However, by correlation with SEM observations
these big crystals are probably located at the outer surface of the beads while small ones are inside as
already observed in our previous work on the synthesis of silicalite-1 zeolite beads and hollow spheres,
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where the crystallization seems to begin on the external surface of the beads and to diffuse with the
time inside the beads [49].

 

 

Figure 2. SEM images of all samples (a) 4-S (b) 4-NS (c) 5-NS (d) 7-NS (e) 14-NS (f) 21-NS obtained 

 

Figure 2. SEM images of all samples (a) 4-S (b) 4-NS (c) 5-NS (d) 7-NS (e) 14-NS (f) 21-NS obtained
after the pseudomorphic transformation of the amorphous silica beads.
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Figure 3. TEM images of (a) 4-S (b) 4-NS (c) 7-NS (d) 14-NS (e) 21-NS samples showing the morphology
of the obtained hierarchized ZSM-12 zeolites (Black arrows indicate the presence of larger crystals).
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The nitrogen adsorption-desorption isotherms at 77 K of the calcined materials are shown in
Figure 4a. The nitrogen adsorption–desorption isotherm of the parent silica beads is of type IV
(according to an IUPAC classification) (Figure S2) [52]. For the samples obtained by pseudomorphic
transformation, isotherms are a mixture of type I (low relative pressure p/p◦) and type IV (high p/p◦).
All isotherms present a H3 hysteresis in the 0.4 < p/p0 < 1 range, whichis characteristic of mesoporosity
induced by the alkyl chains and the phenyl groups of the dual-porogenic surfactant (N6-Diphe).
However, for 4-S and 4-NS samples, some interparticle mesoporosity is also clearly observed (type
II at high p/p◦). The type I shape of the isotherms is coherent with the presence of the micropores.
The textural properties of all materials determined from the nitrogen adsorption-desorption isotherms
are presented in Table 1. The microporous volumes have been determined by the t-plot method with
the correction proposed by Galarneau et al. for hierarchical zeolites [53,54]. The microporous volume
of the sample 4-S, where the morphology of the starting beads is not conserved, is 0.19 cm3/g. A lower
microporous volume (0.15 cm3/g) has been measured for the sample synthesized with the same duration
(4 days) but under static conditions. These microporous volumes are higher than the one expected
for conventional ZSM-12 zeolite (0.05–0.11 cm3/g) [37,55,56] because of the presence of secondary
micropores with a diameter of 1.5 nm revealed by the pore size distribution obtained by applying DFT
Method [50] (Figure 4b). The volume of these secondary micropores seem to decrease by increasing the
hydrothermal treatment time. It is assumed that they were generated by the presence of dual-porogenic
surfactant N6-Diphe. Indeed, such secondary microporosity generated by this kind of bifunctional
amphiphilic structuring agent was already observed in hierarchized ZSM-5 [47]. It is noteworthy that
secondary micropores of the same size are also present in the parent amorphous silica beads. However,
no porosity was detected on as-made materials, suggesting that original secondary micropores (due to
amorphous silica beads) disappeared upon pseudomorphic transformation. The total microporous
volume decreases to about 0.11–0.13 cm3/g with the increase of the hydrothermal treatment time (5 days
and more). This phenomenon can be explained by “Ostwald ripening” when small crystals are used as
nutriment to give birth to bigger ones. This assumption is consistent with SEM and TEM observations,
and with the thinner diffraction peaks obtained by XRD. Figure 4b shows the presence of mesopores of
about 5 nm in average diameter with a wide mesopore size distribution going from 2 to 15 nm for the
obtained samples. These mesopores do not come from the parent amorphous silica beads since these
latter have also a large pore size distribution but centered at 10 nm (Figure S1). They are formed by the
micellization of the hydrophobic long chains of dual structure directing agents and are responsible
of the nanosponge morphology. It is noteworthy that mesoporous volumes (without interparticle
porosity for 4-NS sample) increase linearly with the hydrothermal treatment time (Figure 5).
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Figure 4. (a) N2 isotherms sorption at 77 K and (b) pore size distributions for all the calcined samples
obtained after pseudomorphic transformation. (*) For clarity reason, isotherms have been shifted along
y-axis and these values (in cm3/g) are the used increments.
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Table 1. Textural properties of the calcined obtained samples and weight losses determined by TGA on
as-made samples.

SBET a

(m2/g)
Vtot b

(cm3/g)
Vmicro c

(cm3/g)
Vmeso d

(cm3/g)
Mesopores

Diameter e (nm)
Physisorbed
Water (%) f

Organic
Matter (%) g

4-S 498 0.51
(0.42) * 0.19 0.32

(0.23) ** 5.5 2.6 26

4-NS 417 0.59
(0.37) * 0.15 0.44

(0.22) ** 5.8 3.8 22

5-NS 351 0.39 0.12 0.27 4.2 3.3 24.5

7-NS 347 0.40 0.13 0.27 4.1 3.6 24.8

14-NS 328 0.43 0.11 0.32 5.6 4.2 34.1

21-NS 327 0.47 0.12 0.35 4.5 2.6 38.5
a Determined by using BET (Brunauer-Emmet-Teller) method. b Determined at p/p◦ = 0.99. * value corresponding
to the total pore volume determined on the plateau after hysteresis at p/p◦ = 0.91 without interparticle porosity.
c Determined with corrected t-plot method [53,54]. d Vmeso = Vtot – Vmicro. ** value calculated with Vtot
determined at p/p◦ = 0.91. e Determined from pore size distributions. f Weight loss determined by TGA in the
temperature range 30–120 ◦C. g Weight loss determined by TGA in the temperature range 120–700 ◦C.

 

Figure 5. Evolution of the mesoporous volume of 4-NS, 5-NS, 7-NS, 14-NS and 21-NS samples (without
interparticle porosity for 4-NS sample) with the hydrothermal treatment duration.

TGA analysis under air done on the as-synthesized samples shows 2 weight losses: a small
one between 30 and 120 ◦C corresponding to the physisorbed water and a large one between 120
and 700 ◦C corresponding to the oxidation of the dual-porogenic surfactant used for the synthesis
(Table 1). As well as the mesoporous volume, the amount of dual-porogenic surfactant determined
by TGA increases linearly with the hydrothermal treatment time (Figure 6). This indicates that the
incorporation of the dual porogenic surfactant N6-Diphe increases with the hydrothermal treatment
time, resulting in a higher internal mesopore volume.
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Figure 6. Evolution of the weight percentage of the dual structuring agent determined by TGA of 4-NS,
5-NS, 7-NS, 14-NS and 21-NS samples with the hydrothermal treatment duration.

In order to study the evolution of the inner part of the spheres and the silica and aluminum
distribution as function of the hydrothermal treatment time, SEM observations and EDX analyses
(Figure 7) were performed on three of the synthesized samples. For that, it was necessary to prepare
cross section of the beads by embedding the samples in resin and then polish them. After four days of
hydrothermal treatment in static mode, beads are plain, and the distribution of silica and aluminum
is homogeneous on the whole of the bead indicating the nanocrystals formation in the whole beads.
When increasing the duration of treatment to seven days, core-shell beads are mainly observed with
a more important silica content in the shell than in the core. Few hollow spheres are also observed
indicating the partial dissolution of the bead center. After 21 days, core-shell beads are still observed
in coexistence with a higher number of hollow spheres. These observations are consistent with the
assumption that the crystallization begins from the outer surface and propagates to the center, and with
time the interior of the beads dissolve to feed the growth of the crystals located at the surface of the shell.
From EDX analyses performed on all ZSM-12 nanosponges beads and hollow spheres, an average
value of 30 was determined for the Si/Al ratio, which is close to the average value of 35 determined by
XRF. These values are coherent with the initial Si/Al molar ratio of the precursor gel that was 40.
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Figure 7. SEM images and corresponding EDX element mapping (Si and Al) for the samples 4-NS,
7-NS and 21-NS.

4. Conclusions

The pseudomorphic transformation pathway was applied for the synthesis of 20-µm beads
composed of ZSM-12 zeolite nanosponges with MTW structure type. When hydrothermal treatment
was performed with mechanical stirring (4-S), the starting amorphous silica spheres were broken
and the diffusion of reactants within mesopores of the starting amorphous silica beads was faster.
The crystallization of the amorphous silica walls into ZSM-12 was thus faster compared to the case
when hydrothermal treatment was performed under static conditions for the same duration (4-NS).
In both cases, ZSM-12 nanosponges were formed as observed by TEM images but the crystallization
rate is lower for 4-NS, in agreement with broader XRD peaks for this latter sample. With one additional
day of hydrothermal treatment under static conditions (5-NS), the crystallization rate increases in
accordance with XRD data that showed thinner peaks. After seven days of hydrothermal treatment at
140 ◦C under static conditions an Ostwald ripening phenomenon has started, which results in growth
of the crystals located at the outer surface of the beads. These bigger crystals are responsible for the
thinner peaks observed by XRD. As observed by SEM and EDX, they form a shell rich in silicon. Beads
and hollow spheres are composed of ZSM-12 zeolite nanocrystals (4 to 80 nm in size) interconnected to
each other through a mesoporous network giving rise to a nanosponge morphology. This morphology
generates an additional porosity (mesoporosity and secondary microporosity) to the microporosity of
the zeolites (total pore volume greater than the one of conventional ZSM-12 zeolite) and improves the
diffusion within this material, which should result in improving the kinetics as well as the adsorption
capacities and catalytic properties of this material.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/9/828/s1,
Figure S1. Scanning electron microscopy (SEM) images of the parent amorphous 20 µm silica spheres. An average
size of 23 ± 3 µm was determined from measurements on about 100 beads, Figure S2. (a) Nitrogen sorption
isotherm at 77 K and (b) DFT pore size distribution determined from the adsorption branch of the N2 isotherm for
the parent amorphous silica beads.
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Abstract: The gel of zeolite NaY has potential as a precursor of other zeolites. The particular interest
in this work is to convert the gel of NaY to NaP2. We found that the pure phase NaP2 can be
produced simply by the conventional hydrothermal (CH) method at 150 ◦C for 24 h. This NaP2
sample, named CH150, has an average particle size of 10.3 µm and an Si/Al ratio of 1.82. In the case
of single crystallization via microwave-assisted hydrothermal (MH) method, various parameters
were studied, including the crystallization temperature (90, 150, 175 ◦C) and time (15, 30, 45, 60 min).
The samples were analyzed by X-ray diffraction and scanning electron microscopy. However, mixed
phases of P1 and P2 or ANA were obtained from all samples. Another attempt was made by a
double crystallization via MH method as followed: at 90 ◦C for 1 h, quickly cooled down to room
temperature in the microwave chamber and aged for 23 h, and finally at 150 ◦C for 1 h. The sample,
named MH90A150, has an average crystal size of 16.45 µm and an Si/Al ratio of 1.85. The high Al
content of NaP2 in both samples (CH150 and MH90A150) could lead to interesting applications.

Keywords: NaP2 zeolite; NaY gel; microwave-assisted hydrothermal; conventional hydrothermal

1. Introduction

Zeolite P has a gismondine (GIS) framework type, composed from secondary building units (SBU)
containing four- and eight-membered rings of T atoms (T = Si or Al linked together by sharing oxygen
atoms). Its pore diameter is 2.8 × 4.8 Å [010] [1] which makes it useful as molecular sieve [2]. Zeolite P
is useful for many applications such as the separation of small gases [3–5] or heavy metals [6,7] and
application in sensing material [8].

Baerlocher et al. and Mccusker et al. [9,10] have found the differences and flexibility in unit cell
structures of zeolite P. The distortion of the SBU planes generates two isotypes, P1 and P2, which have
different pore sizes and shapes. Likewise, Oleksiak et al. [11] have reported that the eight-membered
pore of P2 is narrower than that of P1. Consequently, the P2 type has a higher adsorption equilibrium
constant for small gases such as H2 [11].

Despite the interesting advantage, the synthesis of P2 requires a long crystallization period and
produces impurity phases. Table 1 compares the synthesis of zeolite P with various parameters.
The standard procedure from the International Zeolite Association Synthesis Commission (IZA) is the
conventional hydrothermal method (CH) which has a long crystallization time, i.e., 60 days (Table 1,
entry 1) [12]. Several researchers have improved the synthesis by extending the nucleation time (Table 1,
entry 2) [13], employing a structure-directing agent (SDA) (Table 1, entry 3) [14] and seeding (Table 1,
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entry 4) [15]. Although the synthesis time is shortened, it still takes several days. An approach for the
fast synthesis is the microwave-assisted hydrothermal method (MH (Table 1, entry 5–6) [16,17] due to
its rapid and homogeneous heating [18].)

Table 1. Gel composition and synthesis parameters of zeolite P from the literature.

Gel Composition
Main

Product
Crystallization

Time
Crystallization

Temperature (◦C)
Method References

2.2 SiO2: Al2O3: 5.28 NaF: 105.6 H2O P1 60 days 85 CH 1 [12]
Na8Al8Si8O32 · 15.2 H2O P2 5 days 100 CH 1 [13]

3.75 SiO2: 0.2 Al2O3: 4.3 Na2O: 220 H2O 4 P1 42 h 100 CH 1 [14]
0.0065 NaAlO2: 0.023 Na2Si3O7 (seed) 3

0.04 NaAlO2: 0.147 Na2Si3O7 (feed)
P1 24 h 100 CH 1 [15]

1 SiO2: 0.25 Al2O3: 3 Na2O: 410H2O 5,6 P1 3 h 110 MH 2 [16]
17 Na2O: Al2O3: 17 SiO2: 345 H2O (seed) 3

3 Na2O: Al2O3: 8 SiO2: 209 H2O (Overall)
P2 2 h 150 MH 2 [17]

1 CH = conventional hydrothermal method, 2 MH =microwave-assisted hydrothermal method, 3 use of seeding for
nuclei preparation, use of structure-directing agent: 4 D-methionine, 5 triethanolamine, 6 triisopropanolamin.

The impurity phases from the conventional synthesis method can be minimized by recrystallization,
also called double crystallization. For example, Sousa et al. [19] recrystallized ZSM-22 (structure
type TON) and ZSM-35 (structure type FER) by basic treatment to produce a pure phase of zeolite
NaP1. Nevertheless, there are no reports about the synthesis of zeolite NaP2 from recrystallization.
Although zeolite NaP2 has been synthesized from NaY gel, the mixed zeolite phases were obtained [20].
Consequently, this study aimed to synthesize the high purity of zeolite NaP2 from the gel of zeolite NaY
through double crystallization without the separation of solid product after the first heating. Seeding
and microwave radiation will be used to decrease hydrothermal time and avoid uneven temperature.

2. Materials and Methods

2.1. Materials

Chemicals in this study were sodium hydroxide anhydrous pellets (NaOH, 97%, Carlo Erba),
silicon dioxide (SiO2, 99%, Carlo Erba) and sodium aluminate (NaAlO2, 95%, Sigma Aldrich).
Sodium silicate (Na2SiO3), which was a silicon source precursor, was prepared according to the
following chemical composition: 28.7 wt% SiO2, 8.9 wt% Na2O. Moreover, nitric acid (HNO3, 69%,
ANaPURE), hydrochloric acid (HCl, 37%, ACI Labscan), hydrofluoric acid (HF, 49% QRëC) and boric
acid (H3BO3, 99.5%, Merck) were used in the digestion step.

2.2. Preparation of Zeolite Synthesis Gel

The overall gel with the molar ratio of 10SiO2:Al2O3:4.62Na2O:180H2O was prepared
by the method from that of zeolite NaY [21] with the scale on-fourth, from a seed gel
(10SiO2:Al2O3:10.67Na2O:180H2O) and feedstock gel (10SiO2:Al2O3:4.30Na2O:180H2O). It was aged
for 24 h before crystallization. All the gel ratios were calculated from the weight of each component.

2.3. Single Crystallization

The overall gel was crystallized by conventional and microwave-assisted hydrothermal methods
(CH and MH, respectively). In the CH method, the overall gel was poured into a Teflon-lined autoclave
(250 mL) and heated with a rate of 5 ◦C/min to 150 ◦C and held for 24 h in a muffle furnace (Carbolite,
CWF 12/23) and cooled down outside the furnace to room temperature. This sample was named
CH150. In the MH method, the overall gel was transfused into two microwave tubes (100 mL) with
equal amount and heated by microwave (Anton Paar, Multiwave 3000) with XF-100 rotor and the
power of 900 W to 150 ◦C within 4 min, kept for the desired period of 1 h and cooled down quickly in
the microwave chamber. This sample was named MH150.
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To understand the temperature effect, the samples MH90 and MH175 were prepared by
microwave-assisted method and crystallized for 1 h at 90 ◦C and 175 ◦C, respectively. The result of the
time was investigated by crystallization at 150 ◦C and 175 ◦C, held for 15, 30, 45 and 60 min.

2.4. Double Crystallization via MH Method

There were three steps to investigate the phase change from each step. Firstly, the overall gel was
transferred into the microwave tubes with an equal amount for evenness. The sample was heated
by microwave from room temperature up to 90 ◦C and crystallized for 1 h before cooling down.
This sample was named MH90. Secondly, the sample was kept unopened (aged) for 23 h at room
temperature in the same microwave tubes. This sample was named MH90A. Finally, the sample after
aging was crystallized again at 150 ◦C for 1 h. This sample was named MH90A150.

After crystallization, all solid products were separated by centrifugation, washed several times
with deionized (DI) water until the pH of the filtrates was 7–8, and dried at 90 ◦C for 18 h to obtain
white powder samples.

2.5. Characterization of Solid Products

Phases and structures of crystalline products were analyzed by powder X-ray diffraction (XRD) on
a Bruker (AXS D8, Billerica, MA, USA) diffractometer using Cu Kα radiation with a current of 40 mA
and a potential of 40 kV. All the samples were analyzed on the same day for a confident comparison of
crystallinity. The functional groups of the samples were determined by Fourier-transform infrared
spectroscopy (FTIR) on a Bruker (Tensor 27, Billerica, MA, USA), using attenuated total reflectance
(ATR) mode with a resolution of 4−1. Morphology was studied by a field emission scanning electron
microscope (FESEM), JEOL (JSM-7800F, Tokyo, Japan). The silicon–aluminum (Si/Al) mole ratios in the
solid products were analyzed by inductively coupled plasma optical emission spectrometry (ICP–OES)
using an Perkin Elmer (Optima 8000, Waltham, MA, USA) with argon carrier gas. The samples were
digested [22] as follows. Fifty milligrams of each sample was mixed in 0.5 mL aqua regia, 1HNO3:3HCl
volumetric ratio, and 3.0 mL of HF. The mixture in a 250 mL polypropylene (PP) bottle was heated
at 110 ◦C for 1 h and cooled down to room temperature. Then, 2.8 g of H3BO3 and 10 mL of DI
water were added into the mixture and the volume was adjusted with DI water in a 100 mL PP
volumetric flask. The emission wavelength of silicon and aluminum in solid samples were 251.611 and
396.153 nm, respectively.

3. Results and Discussion

3.1. Comparison of Conventional and Microwave-Assisted Hydrothermal Methods of Single Crystallization

Figure 1 compares the XRD patterns of zeolite products from single crystallization by the
conventional hydrothermal method at 150 ◦C for 24 h (CH150) and microwave-assisted hydrothermal
method at 150 ◦C for 1 h (MH150). The pattern of CH150 corresponds to the characteristic phase of
zeolite NaP2. The splitting of peaks refers to two rotating types of secondary building units (SBUs)
planes or four-membered ring (4MR) in GIS structure [11]. Other zeolite phases are not observed.
In comparison with Khabuanchalad et al. [20], the crystallization of the gel of NaY at 100 ◦C for 5 days
produced zeolite NaP2 with a trace of NaY. This work successfully synthesizes the pure phase NaP2
from the gel of zeolite NaY by the conventional hydrothermal method through crystallization at 150 ◦C
for 24 h.

The XRD pattern of MH150 shows the mixed zeolite phases. The main phase is NaP1 and
the minor phase is NaP2. At the same crystallization temperature, Le et al. [17] obtained NaP2 as the
main phase with the trace of NaY. However, they used a different gel composition, microwave power
(1600 W) and longer crystallization time (2 h). The crystallization at 100 ◦C and 120 ◦C only produced
zeolite NaY [17]. When they used the gel with Si/Al = 5 and a crystallization time of 0.5 h, the product
was pure phase NaP2.
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Figure 1. Powder X-ray diffraction (XRD) patterns of zeolite products from conventional and
microwave-assisted hydrothermal methods with single crystallization at 150 ◦C for 24 h (CH150) and
1 h (MH150).

Figure 2a shows the SEM image of CH150. This sample has polycrystals with polygons, some have
a diamond-like shape and some have trisecting cracks. The particle size is between 4 and 14 µm with
an average of 10.3 µm (calculated from 50 particles). From the ICP analysis, the Si/Al ratio of this
sample is 1.82. The morphology of CH150 is similar to zeolite P2 in the literature [11,17]. Although the
sample has various shapes and morphology, the XRD results only indicate the pure phase of NaP2.
Consequently, one can conclude that NaP2 has various morphology. In the case of MH150, the SEM
image (see Figure 2b) shows larger particles with a different morphology from CH150. The average
particle size of MH150 is 17.4 µm and the Si/Al ratio was 1.77. The major phase has a cheese ball-like
morphology of NaP1 similar to those in the literature [23,24]. Those zeolite microcrystals are well grown
on the microsphere surface and the size of each particle is below one micrometer. The observation of
mixed phases from SEM is consistent with the XRD results.
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Figure 2. A field emission scanning electron microscopy (FESEM) images of the zeolite products from
conventional and microwave-assisted hydrothermal methods with single crystallization at 150 ◦C for
24 h (a, CH150) and 1 h (b, MH150).

From the XRD and SEM results, the phase of products depends on the heating methods.
The faster heating rate by MH method provides the faster crystal growth rate, producing the larger
particle size compared with the CH method. This behavior was also observed in the synthesis of zeolite
NaY by CH and MH methods [25]. Moreover, the homogeneous heating from microwave results in
the homogeneous growth of nuclei that affect the narrow particle size distribution of MH150. Therefore,
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the crystallization of MH is about 24 times faster than CH at the same temperature. Microwave
radiation significantly reduced the time of crystallization due to fast spreading heat to all positions [26].
However, the fast heating rate results in mixed phases.

3.2. Effect of Temperature and Time on Single Crystallization by Microwave-Assisted Hydrothermal Methods

Figure 3a shows the XRD patterns of MH90, MH150 and MH175 which are the products from
crystallization by microwave heating at 90, 150 and 175 ◦C, respectively. The MH90 sample has pure
phase NaY zeolite [27]. This result is consistent with the work by Le et al. [17] that NaY was obtained
at 100 and 120 ◦C. The sample MH150 shows mixed phases of NaP1 and NaP2 zeolites. Finally,
the MH175 sample displays the mixed phases of NaP2 as the major phase and Anacime (ANA) zeolite
as the minor phase [28]. The densities of faujasite (FAU) [29], GIS [1] and ANA [30] zeolites are 13.3,
16.4 and 19.2 T/1000 Å3, respectively. The results confirm that the higher crystallization temperature
produces zeolite with a higher framework density [17]. Although the exact densities of the two GIS
zeolites are not clear, our results imply that the density of NaP2 is higher than NaP1 due to the smaller
pore size [11]. From these results, the suitable crystallization temperature for NaP2 is 175 ◦C. However,
the product still contains ANA zeolite as an impurity. Consequently, we investigated the shorter
crystallization time and lower temperature to improve purity.

   
     

single crystallization at 210 ˚C for      

Figure 3. Powder XRD patterns of zeolites from single crystallization via MH (a) for 1 h at 90 ◦C, 150 ◦C
and 175 ◦C, (b) at 175 ◦C, and (c) 150 ◦C for various times: 15, 30, 45 and 60 min.

Figure 3b displays the XRD patterns of zeolites from single crystallization by MH at 175 ◦C for 15,
30, 45 and 60 min. All samples still contain an ANA phase and the sample from 60 min has more ANA
phase than the others. The observation agrees with the literature that the longer crystallization time
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generates a product with high density [31] with a competitive phase. Consequently, we investigated
the crystallization at 150 ◦C to reduce the ANA phase. Figure 3c shows the XRD patterns of the samples
crystallized for 15, 30, 45 and 60 min. The main phase of all samples was NaP1 [11] along with NaP2.

Figure 4 presents the SEM images of zeolites from single crystallization via MH at 150 ◦C for
15, 30, 45 and 60 min. The sample from 15 min has an amorphous phase which is from a short
crystallization time. Moreover, other samples have a mixed phase of NaP1 (cheese ball like) [23,24] and
NaP2 (polygonal) [11,17] consistent with the XRD patterns. The presence of the mixed-phase suggests
that a longer aging time is necessary.

   
     

 

single crystallization at 210 ˚C for      
Figure 4. FESEM images of zeolite products from microwave-assisted hydrothermal methods with
single crystallization at 150 ◦C for various times: (a) 15, (b) 30, (c) 45 and (d) 60 min.

3.3. Effect of Double Crystallization by Microwave-Assisted Hydrothermal Methods

Figure 5 compares the XRD patterns of MH90 with the further aged sample (MH90A) and
crystallized at 150 ◦C (MH90A150). The patterns of MH90 and MH90A correspond to NaY [27].
The peaks from MH90A are stronger than those of MH90, indicating that the longer aging time
improves crystallinity. After crystallization at 150 ◦C, the pattern of MH90A150 exhibits the pure phase
of NaP2 zeolite. These results suggest that the synthesis condition of MH90A150 is suitable to transform
the gel of zeolite NaY to NaP2. Concurrently, the second crystallization under microwave heating
causes NaY to depolymerize the small building units [19] of NaP2 which has the denser structure.

Figure 6 compares the FTIR spectra of MH90 and MH90A150 and the interpretations are
summarized in Table 2. The spectra of MH90 and MH90A150 correspond to the functional groups of
zeolite NaY [32–34] and NaP [34–37], consistent with the XRD results.

Figure 7 exhibits the SEM images of MH90 and MH90A150. The morphology of MH90 (Figure 7a)
is a polygon shape similar to the NaY zeolite in the literature [38]. The average particle size of MH90 is
230 nm and the Si/Al ratio is 1.88. The MH90A150 particles (Figure 7b) have the polygonal morphology,
similar to NaP2 zeolite in the literature [11,17]. To ensure the reproducibility of pure phase NaP2
zeolite from this method, we repeated the synthesis with the same manners. The similar XRD patterns
(Figure 8) indicate that pure NaP2 could be produced by our synthesis method. The average particle
size of MH90A150 is 16.45 µm and the Si/Al ratio is 1.85. The results are consistent with the XRD and
FTIR data. Comparing between NaP2 from CH150 and MH90A150, the particle size distribution of
MH90A150 is narrower than that of CH150 (standard deviation of 7.5% vs. 27.6%).

82



Crystals 2020, 10, 951

 
 

   
   

 

 

   
  

–  –

–

 

Figure 5. XRD patterns of zeolites from microwave-assisted hydrothermal method at 90 ◦C for 1 h
(MH90), aged at room temperature for 23 h (MH 90A) and crystallized at 150 ◦C for 1 h (MH90A150).
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Figure 6. Fourier-transform infrared spectroscopy (FTIR)–attenuated total reflectance (ATR) spectra
of zeolite products: MH90 from the microwave-assisted hydrothermal method at 90 ◦C for 1 h and
MH90A150 from the microwave-assisted hydrothermal method at 90 ◦C for 1 h followed by aging at
room temperature for 23 h and recrystallization at 150 ◦C for 1 h.
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Figure 7. FESEM images of zeolites from the microwave-assisted hydrothermal method (a) at 90 ◦C for
1 h (MH90), followed by aging at room temperature for 23 h and recrystallized (b) at 150 ◦C for 1 h
(MH90A150).
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Table 2. Band assignment of FTIR spectra of MH90 (FAU) and MH90A150 (GIS) samples.

Wavenumber (cm−1) Assignment References

FAU zeolite [32–34]
1151 Asymmetric stretching vibration of external linkage TO4 ( T = Si, Al)
985 Asymmetric stretching vibration of internal tetrahedral TO4
780 Symmetric stretching vibration of external linkage TO4
696 Symmetric stretching vibration of internal linkage TO4
571 Vibration of double-6-membered ring (D6R)
453 Bending vibration of T–O bond in internal tetrahedron

GIS zeolite [34–37]
1118 Asymmetric stretching vibration of external linkage TO4
963 Asymmetric stretching vibration of internal tetrahedral TO4
796 Symmetric stretching vibrations of external linkage TO4
752 Vibration of 4-membered ring (4MR)
691 Symmetric stretching vibration of internal linkage TO4
610 Double ring vibration in GIS zeolite framework

431, 403 Bending vibration of T–O
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Figure 8. Powder XRD patterns of NaP2 zeolites from microwave-assisted double crystallization for
repetition at the first time (MH90A150–1) and the second time (MH90A150–2).

All the conditions and results from this work are summarized in Table 3. The pure phase NaP2
can be synthesized by two methods: CH method at 150 ◦C for 24 h and double crystallization via MH
method at 90 ◦C and 150 ◦C. Single crystallization via MH method at 90 ◦C produced pure phase NaY
but at 150 and 175 ◦C produced mixed phases of NaP2 and NaP1 or ANA.

Table 3. Gel composition, synthesis parameters and phase of the products in this study.

Sample
Name

Crystallization Conditions Phase of Product 4

Method Synthesis Process Temperature (◦C) Time (min) Major Minor

CH150 CH 1 Single 150 1440 NaP2 -
MH90 MH 2 Single 90 60 NaY -

MH150 MH 2 Single 150 15–60 NaP1 NaP2
MH175 MH 2 Single 90 15–60 NaP2 ANA
MH90A MH 2 Single 90 and aged 3 60 NaY -

MH90A150 MH 2 Double 90, 150 60, 60 NaP2 -
1 CH = conventional hydrothermal method, 2 MH =microwave-assisted hydrothermal method, 3 crystallization at
90 ◦C followed by aging at room temperature for 23 h, 4 measurement by XRD technique.

84



Crystals 2020, 10, 951

4. Conclusions

The synthesis gel of zeolite NaY with the molar ratio 10SiO2:Al2O3:4.62Na2O:180H2O was
prepared and used as a precursor of zeolite NaP. The pure phase zeolite NaP2 was obtained after aging
the synthesis gel of zeolite NaY for 24 h followed by the crystallization by conventional hydrothermal
(CH) method at 150 ◦C for 24 h. The sample (CH150) has polycrystals with polygons, some have a
diamond-like shape, and some have trisecting cracks. The average size was 10.3 µm and the Si/Al ratio
was 1.82.

From the single crystallization via microwave-assisted hydrothermal (MH) method, the pure
phase NaY, the mixed phase of NaP1 (major) and NaP2 (minor), and the mixed phase of NaP2 (major)
and ANA (minor) were produced after crystallization at 90 ◦C, 150 ◦C and 175 ◦C for 1 h, respectively.
The crystallization for various times (15–60 min) at 150 ◦C and 175 ◦C also produced the mixed phases.

From double crystallization via microwave-assisted hydrothermal (MH) method, the pure phase
zeolite NaP2 was obtained by three steps: (1) crystallization at 90 ◦C for 1 h and quickly cooling
down to room temperature in the microwave chamber, (2) aging at room temperature for 23 h, and (3)
crystallization at 150 ◦C for 1 h. This NaP2 sample has a similar morphology to the CH150 sample
with an average crystal size of 16.45 µm and Si/Al ratio 1.85.
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Abstract: In this study, the thermophysical properties such as the thermal expansion, thermal
diffusivity and conductivity, and specific heat capacity of ceramic samples made from kaolin and
natural zeolite are investigated up to 1100 ◦C. The samples were prepared from Sedlec kaolin (Czech
Republic) and natural zeolite (Nižný Hrabovec, Slovakia). Kaolin was partially replaced with a
natural zeolite in the amounts of 10, 20, 30, 40, and 50 mass%. The measurements were performed
on cylindrical samples using thermogravimetric analysis, a horizontal pushrod dilatometer, and
laser flash apparatus. The results show that zeolite in the samples decreases the values of all studied
properties (except thermal expansion), which is positive for bulk density, porosity, thermal diffusivity,
and conductivity. It has a negative effect for thermal expansion because shrinkage increases with
the zeolite content. Therefore, the optimal amount of zeolite in the sample (according to the studied
properties) is 30 mass%.

Keywords: kaolin; zeolite; kaolinite; clinoptilolite; thermal expansion; thermal diffusivity; thermal
conductivity; specific heat capacity

1. Introduction

Ceramic production is known as one of the oldest sectors of human activity. Com-
monly used materials in the production of traditional ceramics are kaolin, illitic clays,
feldspars, quartz, and Al2O3. Traditional ceramics are usually used in the building in-
dustry, such as bricks and tiles. The partial substitution of raw materials with waste or
new materials can improve the properties of ceramic products and also reduce the cost of
their production [1]. Nowadays, many published studies deal with partial substitution of
traditional input raw materials for production of ceramics by waste materials such as fly or
bottom ash [2–12], waste glass [13–16], waste calcite [17], etc. Húlan et al. [7] determined
that a higher Young’s modulus was reached after sintering with a lower amount of fly ash.
The Young’s modulus and the flexural strength decreased linearly with the amount of fly
ash. Hasan et al. [14] observed an increase in the compressive strength and a decrease in
water absorption of the samples with the addition of waste glass. They also found that the
partial replacement of natural clay in a brick with waste soda-lime glass made the brick
production sustainable and eco-friendly. Kováč et al. [17] showed that a high content of
waste calcite may double the energy consumption during the creation of anorthite at a
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temperature of 950 ◦C and also that the waste calcite had a slight positive effect on the final
contraction of samples.

In this study, kaolin and natural zeolite were used for the preparation of blends.
Kaolin is the most commonly used material in the ceramic and paper industries, cosmetics,
medicine, etc. It mainly consists of mineral kaolinite (Si2Al2O5(OH)4) with about 80 mass%,
depending on its origin and type [18]. Kaolinite belongs to the group of phyllosilicates and
it crystalizes in the triclinic crystal system. Kaolinite has a 1:1 sheet structure composed of
tetrahedral [Si2O5]2− sheets and octahedral [Al2(OH)4]2+ sheets. It has a pseudo-hexagonal
symmetry with the lattice parameters a = 0.515 nm, b = 0.895 nm, c = 0.740 nm, α =
91.68◦, β = 104.87◦, and γ = 89.9◦ [19–21]. The distance between layers is 0.72 nm [22].
During heating up to 1100 ◦C, three important thermal reactions take place in kaolinite.
The first is the dehydration, which occurs in the temperature interval from 35 to 250 ◦C,
where physically bound water is removed from the surface of crystals and pores [23]. The
second reaction is the dehydroxylation of kaolinite [19,21,24–26], where the chemically
bound water escapes from its structure and kaolinite is transformed into a new phase,
metakaolinite. It may be described by the following equation:

Al2O3 · 2SiO2 · 2H2O → Al2O3 · 2SiO2 + 2H2O(g). (1)

This reaction takes place in the temperature interval from 450 to 700 ◦C. Metakaolinite
(Al2Si2O7) has a similar structure to kaolinite, but the lattice parameter c is changed to
0.685 nm (it is smaller by about 0.055 nm). The structure of metakaolinite does not contain
OH− ions, and the distance between the layers is shorter than in kaolinite. In addition,
metakaolinite is more defective and less stable than kaolinite [24,25,27]. The third and last
process begins above 925 ◦C and is connected with the transformation of metakaolinite to
an Al-Si spinel, γ–Al2O3, and amorphous SiO2, according to the following equation [28,29]:

2(Al2O3 · 2SiO2) → 2Al2O3 · 3SiO2 + SiO2(amorphous). (2)

Moreover, above the temperature of 700 ◦C, solid-state sintering occurs, which is
a high-temperature technological process that transforms individual ceramic particles
into a compact polycrystalline body. For traditional, kaolin-based ceramics (earthenware,
stoneware or pottery), solid-state sintering occurs when the powder compact is densified
entirely in the solid state [24,25,30,31].

Zeolites are microporous, hydrated crystalline aluminosilicates which are porous
and widely used due to their structure and absorption properties. Many studies deal
with natural or synthetic zeolites [32–41]. Usually, zeolites contain alkaline metals or
metals of alkaline earth and frequently (e.g., in the case of clinoptilolite) crystallize in a
monoclinic crystal system [32]. The three-dimensional structure of zeolites consists of
tetrahedral silicate and aluminum, which are interconnected by oxygen atoms. The charge
of their structure is negative and this charge can balance between monovalent and divalent
cations [33,34]. Zeolites are porous and they are widely used due to their absorption
properties (for example, in agriculture, ecology, the rubber industry, the building industry,
households, and medicine [35–38]). Several important processes occur in zeolites during
heating. Above the temperature of 100 ◦C, physically bound water escapes from the crystal
surface and pores (capillaries) [39]. During heating up to 900 ◦C, the infrared spectral
features attributed to the Si (Al)-O stretching and bending vibration modes do not show
significant differences from the features for unheated (raw) zeolite. These spectral results
are consistent with the fact that the three-dimensionally rigid crystal structure of zeolite
is more stable than the layer structure of phyllosilicates [40]. Above the temperature
of 1000 ◦C, the structure of zeolite is definitely destroyed and an amorphous phase is
formed [21,33,41].

Our previous study [42] concerned the thermal expansion and Young’s modulus of
samples made from kaolin and zeolite. The samples were not studied in-situ; instead,
they were preheated at different temperatures from room temperature up to 1100 ◦C, and
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selected properties were measured after cooling at room temperature. The next study [43]
focused on comparing the thermal expansion of the kaolin–zeolite and illite–zeolite samples.
Our previous paper [39] aimed at conducting a thermogravimetric analysis and differential
scanning calorimetry of a kaolin–zeolite sample. The aim of this paper was to estimate the
influence of natural zeolite in the kaolin–zeolite samples on their thermophysical properties,
such as the thermal expansion, thermal diffusivity and conductivity, and specific heat
capacity, during heating up to 1100 ◦C and to determine the possible usage of natural
zeolite in ceramic materials.

2. Materials and Methods

Samples were prepared from Sedlec kaolin (Czech Republic) and natural zeolite
(Nižný Hrabovec, Slovakia). The major mineral in Sedlec kaolin is kaolinite (77.8%). In
addition, there are impurities such as mica clay (17.4%) and quartz (1.5%) [44]. Natural
zeolite mainly contains mineral clinoptilolite (58.2%) from the group of heulandite and has
impurities such as cristobalite (12.2%), illite with mica and feldspar (albite) (9.6%), quartz
(0.7%), and also amorphous phase (19.3%) [45]. The chemical compositions of the Sedlec
kaolin and natural zeolite are given in Table 1.

Table 1. The chemical compositions of the Sedlec kaolin and natural zeolite (in mass%).

Oxides Kaolin Zeolite

SiO2 46.9–47.9 65.0–71.3
Al2O3 36.6–37.6 11.5–13.1
Fe2O3 1.2 0.7–1.9
CaO 0.7 2.7–5.2
MgO 0.5 0.6–1.2
Na2O 0.1 0.2–1.3
K2O 0.8–1.1 2.2–3.4
TiO2 0.5 0.1–0.3

The samples were prepared as follows. Kaolin was partially replaced with natural
zeolite in the amounts of 10, 20, 30, 40, and 50 mass%. Pure kaolin and zeolite samples were
also prepared. The studied samples were labeled as KZ10, KZ20, KZ30, KZ40, and KZ50,
according to the natural zeolite content, whereas the pure kaolin and zeolite samples were
labeled as SLA and ZEO (see Table 2). The kaolin pellets were crushed and milled to pass a
100-µm sieve. Zeolite was used as a powder, passing a 50-µm sieve. After these procedures,
the powders were mixed with deionized water to obtain a plastic mass. Cylindrical samples
with a diameter of 14 mm were extruded from this mass. Then, the samples were dried
in open air until an equilibrium of moisture was reached (from 1.4 to 2.9 mass% of the
physically bound water). The dry samples were cut to the lengths needed for the analyses.

Table 2. The compositions of the samples made from Sedlec kaolin and natural zeolite (in mass%).

Sample SLA KZ10 KZ20 KZ30 KZ40 KZ50 ZEO

Kaolin 100 90 80 70 60 50 –
Zeolite – 10 20 30 40 50 100

Differential thermal analysis (DTA) and thermogravimetry (TG) of the compact sam-
ples (∅14 × 16 mm) with a mass of 3.5 g were performed by means of a Derivatograph
1000 analyzer (MOM Budapest, Budapest, Hungary) [46], in which a pressed alumina refer-
ence sample with similar dimensions to the studied sample was used. Thermodilatometry
(TDA) was carried out using a horizontal pushrod alumina dilatometer [47] on samples
with dimensions of ∅14 × 35 mm. All measurements were performed in the temperature
interval from 30 to 1100 ◦C in static air atmosphere at a heating rate of 5 ◦C·min−1.
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Differential scanning calorimetry (DSC) was performed on a Netzsch DSC 404 F3 Pe-
gasus apparatus (NETZSCH Holding, Selb, Germany) in dynamic argon atmosphere with
a flow rate of 40 ml/min. Al2O3 crucibles with a lid and powder samples with mass of
~30 mg were used. The temperature increased linearly with the heating rate of 5 ◦C/min
and in the temperature interval from 30 up to 1100 ◦C. In order to determine the enthalpy
of reactions, a baseline of the tangential type was selected.

The bulk density was calculated from thermogravimetric and thermodilatometric
results to obtain its actual values during firing, according to the following equation:

ρ = ρ0
∆m/m0

(1 + ∆l/l0)
3 , (3)

where ρ0 is the bulk density of green samples at room temperature.
The open porosity was calculated with the help of the experimentally determined bulk

density and matrix density. The bulk density was obtained from the volume and mass of
the cylindrical samples. The matrix density was measured by means of helium pycnometry
(Pycnomatic ATC, Thermo Fisher Scientific, Waltham, MA USA).

Measurements of the thermal diffusivity (a), thermal conductivity (λ), and specific
heat capacity (cp) of samples were performed by means of the flash method using a Netzsch
LFA 427 LaserFlash apparatus (NETZSCH Holding, Selb, Germany) in the temperature
interval from 30 to 1000 ◦C at a heating rate of 5 ◦C/min and in nitrogen atmosphere with
a flow rate of 100 mL/min. The dimensions of samples were ∅12.5 × 2.5 mm. The samples
were covered by graphite on both sides before measurements. Measuring the heat capacity
of a sample required an additional measurement of a reference material with a known heat
capacity and density. The basis of this method is in the application of a laser pulse with the
same parameters as the measured and reference samples. In this way, the same amount of
heat is provided to both samples. Next, the limit of adiabatic temperature is calculated for
both measurements. The specific heat capacity of measured sample is calculated according
to the formula:

cp =
mR cpR ∆T∞R

m ∆T∞

, (4)

where mR is the mass of the reference sample (in software, the mass of a sample is calculated
from its bulk density and dimensions), cpR is the heat capacity of the reference sample, ∆T∞R

is the adiabatic temperature of the reference sample after the amount of thermal energy
is received, m is the mass of the studied sample, and ∆T∞ is the adiabatic temperature of
the studied sample after the same amount of thermal energy as for reference sample is
received.

Microstructure observations were carried out by means of a scanning electron micro-
scope (FEI QuantaTM FX200, Thermo Fisher Scientific, Waltham, MA, USA) in low vacuum
mode (100 Pa) with an accelerating voltage of 10 kV on the compact polished raw samples,
and the samples were heated at 1100 ◦C.

3. Results and Discussion
3.1. Differential Thermal Analysis

The DTA results of the studied samples are shown in Figure 1. Three significant peaks
are visible. The first peak (up to 300 ◦C) corresponds to the process of dehydration, where
the liberation of physically bound water from pores and surface of crystals occurs [23].
This peak is endothermic and its magnitude increases with the amount of zeolite. The
second peak (from 450 to 700 ◦C) is also endothermic and belongs to the dehydroxylation of
kaolinite [19,48]. During this reaction, the chemically bound water is evaporated, and this
causes the structure of kaolinite to transform into metakaolinite. The last peak (from 940 to
1030 ◦C) is exothermic and has been interpreted as the result of the formation of an Al-Si
spinel or of spinel and/or mullite by [28] and by many papers extensively discussed in [31].
The magnitudes of last two peaks decrease with the amount of zeolite in the samples. In
natural zeolite, only one reaction is observed and it is endothermic (up to 450 ◦C). This
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peak corresponds to dehydration, where the physically bound water evaporates from pores
and surface of crystals [21].

 

Figure 1. Differential thermal analysis (DTA) of the studied samples.

3.2. Differential Scanning Calorimetry

The DSC results of the kaolin–zeolite samples are shown in Figure 2. Three peaks can
be observed, as it was in the DTA results (see Figure 1). The first endothermic peak (from
30 to 200 ◦C) represents the liberation of physically bound water [23]. The second endother-
mic peak (from 400 to 600 ◦C) corresponds to the dehydroxylation of kaolinite [19,48]. The
third peak (from 950 to 1000 ◦C), which is exothermic, is related to the crystallization of
high-temperature phases, as indicated before [28,31]. In zeolite and natural clinoptilolite,
only two peaks are observed in the curve. The first is the endothermic peak corresponding
with dehydration. This means that physically bound water evaporates from the pores and
surface of crystals. The second peak is also endothermic, and this reaction begins above
850 ◦C, when the structure of clinoptilolite is definitely destroyed and an amorphous phase
is formed [33,41].

Figure 2. Differential scanning calorimetry (DSC) of the studied samples.

The influence of zeolite in the samples is visible on the enthalpy of reactions (dehy-
droxylation of kaolinite and Al-Si spinel formation) occurring in the kaolin–zeolite samples
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during thermal treatment (see Figure 3). The enthalpies were determined from the DSC
results (peaks) (see Figure 2). A tangential baseline, which most realistically represents
the progress of reactions, was used. The first studied reaction was the dehydroxylation of
kaolinite, which is associated with the evaporation of chemically bound water [19,48]. The
enthalpy of this reaction decreases linearly with the amount of zeolite in the samples from
248.9 (sample SLA) to 128.1 J/g (sample KZ50). The second reaction was the transformation
of metakaolinite into an Al-Si spinel [28]. The values of enthalpy also decrease linearly
with the zeolite content, from 58.8 (sample SLA) to 34.4 J/g (sample KZ50).

−

Figure 3. The enthalpy of the studied samples during the dehydroxylation of kaolinite (grey) and
crystallization of spinel (black).

As can be seen from the enthalpy results for both reactions, the enthalpies decrease
along with the amount of kaolinite. Therefore, it can be concluded that zeolite has no
significant influence on both reactions in the studied samples.

3.3. Thermogravimetric Analysis

The relative mass changes of the kaolin–zeolite samples are shown in Figure 4. Two
significant mass losses occur. The first loss is in the temperature interval from 30 to 250 ◦C
and corresponds to the process of dehydration, during which physically bound water
evaporates [23]. The process of dehydration is the least significant for sample SLA (1.56%)
and increases with the amount of zeolite (3.98% for sample KZ50). The second mass
loss, in the temperature interval from 450 to 700 ◦C, corresponds to the dehydroxylation
of kaolinite [19,48]. The mass loss for sample SLA is 11.35% and it decreases with the
amount of zeolite (6.12% for sample KZ50). The mass loss of the zeolite sample decreases
continuously up to 800 ◦C and reaches 11.27%. Then, the mass loss remains almost
constant. During the dehydroxylation, the mass loss is only 0.98%. This is because the
dehydroxylation does not occur in zeolite. The reason is that zeolite does not have OH−

ions in the matrix structure. The DTA, DSC, and TG results of kaolin and natural zeolite
are very similar to the results presented in [21,26,49]. In these studies, the mass losses
of the kaolinite subgroup and clinoptilolite are in good agreement with our results. For
kaolinite, it is in the interval from 11.8% to 13.31% (we obtained 11.35%, but the kaolinite
content in kaolin was only 77.8%), and for clinoptilolite, it is 9.54% at 1000 ◦C (we achieved
11.27%). The obtained difference can be explained by a different content of water in the
prepared sample from kaolin or natural zeolite. Moreover, the studied zeolite was not pure
clinoptilolite as it also contained the amount of cristobalite, illite with mica, and feldspar.
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Figure 4. Relative mass change of the studied samples.

The results of the relative mass change of the kaolin–zeolite samples at temperatures
of 800, 900, and 1000 ◦C are plotted in Figure 5. It is visible that the mass loss of the samples
increases with temperature and decreases with the amount of zeolite. At a temperature
of 1000 ◦C, it ranges from 14.3% to 12.6%. The trend of decrease is identical for all three
selected temperatures and it is almost linear up to 40 mass% of zeolite. Then, the mass loss
for samples KZ40 and KZ50 is comparable (the difference is only 0.04%).

Figure 5. Relative mass change of the studied samples at 800, 900, and 1000 ◦C.

3.4. Thermodilatometric Analysis

The relative thermal expansion of the kaolin–zeolite samples is shown in Figure 6.
In the temperature interval from 30 to 250 ◦C, the process of dehydration occurs, where
physically bound water escapes from the pores and surface of crystals. The length of
all samples, except the zeolite sample, increases linearly and reaches about 0.07%. The
length of the zeolite sample decreases and its shrinkage is about 0.14%. The expansion of
samples decreases with the amount of zeolite. The next process occurring in the studied
samples starts at about 500 ◦C, when the chemically bound water escapes and the structure
of kaolinite is transformed into metakaolinite [19,48]. The structure of metakaolinite is
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similar to the structure of kaolinite. The lattice parameters a and b remain the same, but the
parameter c is changed to 0.685 nm. The distance between layers is shorter (about 0.055 nm)
than in kaolinite. In addition, it is more defective and less stable than kaolinite [19].
Therefore, the shrinkage of samples in the temperature interval from 500 to 700 ◦C is
observed. Nevertheless, after the dehydroxylation is finished, the contraction continues
up to 950 ◦C due to the sintering process [30]. As a result of the reactions above ~950 ◦C,
there is a rapid contraction of the produced bodies. In the temperature interval from
700 to 1100 ◦C, the sintering process occurs as well. Therefore, this shrinkage is caused
by both processes. The total shrinkage of the kaolin–zeolite products increases with the
amount of zeolite from 2.59% for sample SLA to 3.91% for sample KZ50. Similar behavior
of thermal expansion of kaolin samples was also obtained in [50,51]. The shrinkage of
kaolin samples reached 2.5% and 3.2% at 1100 ◦C, respectively, which is in good agreement
with our results.

−

Figure 6. Relative thermal expansion of the studied samples.

Different results were obtained for the zeolite sample because the structure of zeolite
does not contain free OH− ions (zeolite is just a hydrate). The liberation of the physically
bound water from the zeolite sample proceeds until up to 850 ◦C (the shrinkage reaches
1.82%). Above the temperature of 850 ◦C, very intensive sintering and the formation of a
glassy phase occur. The total shrinkage of the zeolite sample at 1100 ◦C reaches 14.59%.
Dell’Agli et al. [52] also studied the thermal expansion and mass loss of different types of
clinoptilolite, but only up to 700 ◦C. They found out that the final shrinkage was in the
interval from 0.6% to 3%. The shrinkage of our zeolite sample reached 1.2% at 700 ◦C.
Nevertheless, the trend of the measured curves is similar.

The linear shrinkage of the kaolin–zeolite samples at different temperatures is shown
in Figure 7. The results show that the linear shrinkage at temperatures of 800 and 900 ◦C
with the increasing amount of zeolite is almost constant (the differences are very small,
about 0.15%). The curves at the temperatures of 1000 and 1100 ◦C exhibit a different
trend. The shrinkage increases with the amount of zeolite, but the samples with 10, 20, and
30 mass% of zeolite reach almost the same values of shrinkage. Above 30 mass% of zeolite,
the linear shrinkage increases. Those results show that the most intensive changes occur
when the Al-Si spinel crystallization is finished and the sintering process starts.
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Figure 7. Relative thermal expansion of the studied samples at 800, 900, 1000, and 1100 ◦C.

3.5. Bulk Density

The results of the bulk density of the kaolin–zeolite samples are shown in Figure 8.
The bulk density decreases with the amount of zeolite and also with the temperature
increase to 650 ◦C. The bulk density for the green SLA sample is 1464 kg·m−3, and for
the green KZ50 sample, it amounts to 1340 kg·m−3. The first significant decrease is up to
250 ◦C, which is caused by the liberation of physically bound water [23]. Then, the bulk
density decreases almost linearly until the dehydroxylation of kaolinite starts (at about
500 ◦C) [19,48]. The structural changes (transformation of kaolinite into metakaolinite)
cause the decrease in the bulk density. This decrease occurs due to an intensive mass
loss (11.35% for sample SLA) (see Figure 4) and contraction (0.68% for sample SLA) (see
Figure 6). During dehydroxylation, the bulk density decreases from 135 kg·m−3 for sample
SLA to 50 kg·m−3 for sample KZ50. After dehydroxylation, the bulk density slightly
increases for all studied samples up to 950 ◦C. Then, a sharp increase occurs due to the
transformation of metakaolinite into the spinel phase [28]. Above 1000 ◦C, the bulk density
increases only slightly. At 1100 ◦C, the values of the bulk density are lower than for the
green samples. The differences are from 11 kg·m−3 for sample KZ50 up to 106 kg·m−3 for
sample SLA, which means that the difference decreases with the zeolite content.

−

−

−

−

− −

Figure 8. Bulk density of the studied samples.
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The bulk density of the zeolite sample decreases up to 550 ◦C, then a slight increase
occurs, and above 900 ◦C, a sharp increase is visible. Finally, the bulk density reaches
1760 kg·m−3 at 1100 ◦C, which is about 42% higher than for the green sample.

The bulk density of kaolin–zeolite samples at different temperatures is shown in
Figure 9. The results show that the bulk density at temperatures of 800 and 900 ◦C
decreases with the amount of zeolite. The differences between the SLA and KZ50 samples
are about 40 kg·m−3 at 800 ◦C and about 60 kg·m−3 at 900 ◦C. The values of the bulk
density at the temperatures of 1000 and 1100 ◦C also decrease, almost linearly in this case,
except for sample KZ10. Those results show that the bulk density decreases with the zeolite
content by about 6%.

−

− −

−

−

−

−

−

−

−

−

−

Figure 9. Bulk density of the studied samples at 800, 900, 1000, and 1100 ◦C.

3.6. Thermal Diffusivity

The results of the thermal diffusivity of the kaolin–zeolite samples in the temperature
interval from 30 to 1000 ◦C are plotted in Figure 10. The thermal diffusivity of the green
samples decreases with the amount of zeolite from 0.57 mm2

·s−1 for sample SLA to
0.37 mm2

·s−1 for sample KZ50. The green zeolite sample has a thermal diffusivity of only
0.21 mm2

·s−1. The thermal diffusivity of all studied samples decreases with temperature,
except for the zeolite sample. The thermal diffusivity of the zeolite sample is almost the
same in the whole temperature range (0.21 mm2

·s−1). The decrease in thermal diffusivity is
caused by the escape of physically and chemically bound water in the samples (dehydration
and dehydroxylation) [19,23,48]. The differences in thermal diffusivity between samples
also decrease with temperature. They are 0.20 mm2

·s−1 for the green samples at room
temperature and 0.07 mm2

·s−1 for the samples measured at 1000 ◦C. A similar decreasing
trend of the thermal diffusivity of clays was obtained in [17,49]. The values were from
0.17 to 0.27 mm2

·s−1. A more interesting study was published by Antal et al. [49], where
the thermal diffusivity of textured kaolin samples was assessed. It is visible that the thermal
diffusivity of kaolin samples depends significantly on the direction of crystal orientation.
The results showed that thermal diffusivity is in the interval from 0.2 to 0.75 mm2

·s−1

measured at room temperature and from 0.15 to 0.4 mm2
·s−1 at the temperature of 1100 ◦C.
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Figure 10. Thermal diffusivity of the studied samples.

The thermal diffusivity of the kaolin–zeolite samples at different temperatures is
shown in Figure 11. The thermal diffusivity decreases with the amount of zeolite up
to 40 mass%. Sample KZ50 has almost the same value of thermal diffusivity as sample
KZ40. All three curves (the results at 800, 900, and 1000 ◦C) exhibit the same trend. At a
temperature of 1000 ◦C, samples KZ40 and KZ50 have values of thermal diffusivity similar
to the zeolite sample. The difference is only 0.01 mm2

·s−1.
−

− −

− −

− −

Figure 11. Thermal diffusivity of the studied samples at 800, 900, and 1000 ◦C.

3.7. Specific Heat Capacity

The results of the specific heat capacity of the kaolin–zeolite samples during thermal
treatment up to 1000 ◦C are shown in Figure 12. The heat capacity of the green samples
is in the interval from 1.02 to 1.42 kJ·kg−1

·K−1. The values of the heat capacity for all
samples decrease when the liberation of physically bound water is finished. The heat
capacity of water is 4.2 kJ·kg−1

·K−1 (much higher than for solid materials); therefore, its
decrease was expected in the temperature interval up to 300 ◦C. Then, the specific heat
capacity of samples slightly increases up to 800 ◦C. The values are in the interval from
0.88 to 1.45 kJ·kg−1

·K−1. The dehydroxylation of kaolinite also influences the heat capacity
of samples. The OH− groups are removed from the structure of kaolinite, and therefore,
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the heat capacity does not increase, as it is excepted from the Debye model. Above 800 ◦C,
a sharp increase in the heat capacity occurs due to crystallization of spinel [28] and a
normal characterization of the heat capacity at higher temperatures. At a temperature of
1000 ◦C, the specific heat capacity of the samples ranges from 1.25 up to 2.24 kJ·kg−1

·K−1,
which is about 50% higher than it was for the green samples. Michot et al. [53] studied
the heat capacity and thermal conductivity of kaolinite/metakaolinite in the temperature
interval from room temperature up to 1000 ◦C. Their results showed that the heat capacity
of metakaolinite above the temperature of 700 ◦C is about 1.2 kJ·kg−1

·K−1, which is
lower than our values. This can be explained by a different content of kaolinite in our
kaolin sample and the application of a method which is not accurate for measurement of
heat capacity.

∙ − ∙ −

∙ − ∙ −

∙ − ∙ −

Figure 12. Specific heat capacity of the studied samples.

The specific heat capacity of the kaolin–zeolite samples at temperatures of 800, 900,
and 1000 ◦C is presented in Figure 13. The heat capacities of samples KZ30, KZ40, and
KZ50 at 800 ◦C are almost the same. At temperatures of 900 and 1000 ◦C, the trend of
the heat capacity is similar. Zeolite in the samples causes a decrease iin the specific heat
capacity. The difference between samples SLA and KZ50 at 1000 ◦C is 0.99 kJ·kg−1

·K−1,
which is about 80%.

−

− −

− −

− −

Figure 13. Specific heat capacity of the studied samples at 800, 900, and 1000 ◦C.
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3.8. Thermal Conductivity

The results of the specific heat capacity of the zeolite–kaolin samples during thermal
treatment up to 1000 ◦C are shown in Figure 14. The thermal conductivity of the green
samples (at 30 ◦C) is the highest for sample SLA (1.03 W·m−1

·K−1) and the lowest for
the zeolite sample (0.37 W·m−1

·K−1). It decreases with the amount of zeolite. Then,
in the temperature interval from 30 to 300 ◦C, the thermal conductivity of all studied
samples decreases due to the liberation of physically bound water from the pores and
crystal surfaces (water has a higher thermal conductivity than ceramic materials) [23].
Significant changes are observed in the temperature interval from 400 to 700 ◦C. This
decrease is caused by dehydroxylation of kaolinite [19,48] and it is smaller with higher
zeolite content in the samples. At 700 ◦C, all samples reach the lowest values of thermal
conductivity, which range from 0.52 (sample SLA) to 0.25 W·m−1

·K−1 (the zeolite sample).
Above the temperature of 800 ◦C, a sharp increase in the thermal conductivity occurs due
to the sintering process and crystallization of spinel [28]. The final values at 1000 ◦C are
from 0.86 W·m−1

·K−1 for sample SLA to 0.35 W·m−1
·K−1 for sample KZ50. The results

obtained by Michot et al. [53] showed a thermal conductivity of the green kaolin body
of up to 0.5 W·m−1

·K−1, which is in good agreement with the value of 0.52 W·m−1
·K−1

obtained in this study. On the other hand, our values of thermal conductivity were not
measured but calculated from density, heat capacity, and thermal diffusivity. The surface
of samples was coated by graphite before the analysis, and above 800 ◦C, graphite could
burn out, although the analysis was performed in nitrogen atmosphere. Therefore, greater
uncertainties are expected.

− −

− −

− −

− − − −

− − − −

− −

− −

− −

Figure 14. Thermal conductivity of the studied samples.

The thermal conductivity of the kaolin–zeolite samples at temperatures of 800, 900,
and 1000 ◦C is shown in Figure 15. At a temperature of 800 ◦C, thermal conductivity has a
decreasing trend up to 40 mass% of zeolite. Nevertheless, samples KZ40 and KZ50 have
similar values of thermal conductivity (the difference is only 0.003 W·m−1

·K−1). At
temperatures of 900 and 1000 ◦C, thermal conductivity decreases with the amount of
zeolite and this decrease is almost linear. The difference between samples SLA and KZ50 at
1000 ◦C amounts to 0.45 W·m−1

·K−1, which is about 53%. Typically, values of the thermal
conductivity of ceramic materials are in the interval from 0.28 to 1.2 W·m−1

·K−1 [53].
Therefore, the obtained results of the thermal conductivity are in good agreement with
the literature.
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Figure 15. Thermal conductivity of the studied samples at 800, 900, and 1000 ◦C.

3.9. The Open Porosity and Scanning Electron Microscopy

The results of bulk density were also confirmed with the results of the porosity of
kaolin–zeolite samples at temperatures of 800, 900, 1000, and 1100 ◦C (see Figure 16). The
porosity of the studied samples decreases and the bulk density increases with temperature.
The porosity at 800 and 900 ◦C decreases when the sample contains 10 mass% of zeolite.
Then, the porosity increases and reaches about 50% for samples KZ30, KZ40, and KZ50.
The porosity of sample KZ10 at temperatures of 800, 900, and 1000 ◦C is almost the same.
At a temperature of 1100 ◦C, porosity decreases from 48.5% (sample SLA) down to 43.0%
(sample KZ50). The decrease in the porosity with temperature is caused by the sintering
process in the samples [30]. This process causes a decrease in the sample volumes and
vanishing of pores. The results show that the porosity decreases with the amount of zeolite
in the samples.

Figure 16. Porosity of the studied samples at 800, 900, 1000, and 1100 ◦C.

An SEM picture of the green kaolin sample is presented in Figure 17A. Grains of
kaolinite with a different size and also agglomerates are visible. Kaolinite crystals have
a plate-like shape and they are ordered randomly. The samples contain also many small
pores. This is confirmed with high values of the porosity (black or dark points). A picture
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of the kaolin sample heated at 1100 ◦C is shown in Figure 17B. The porosity decreased and
the kaolin sample stayed more compact. The structure remains in the same condition up to
1100 ◦C. Moreover, the pseudoamorphous shape of a grain of initial agglomerates is still
the same.
 

 

A B 

C D 

Figure 17. SEM pictures. (A) green Sedlec kaolin; (B) Sedlec kaolin fired at 1100 ◦C; (C) green zeolite;
(D) zeolite fired at 1100 ◦C.

An SEM picture of the green zeolite sample is presented in Figure 17C. Grains as well
as agglomerates (clusters of grains) with different sizes and shapes can be seen. A picture
of the zeolite sample heated at 1100 ◦C is shown in Figure 17D, where large pores (black or
dark points) are mainly visible. The initial shape of grains is not preserved. The samples
are more compact (higher density (see Figure 8) and smaller porosity), and the melting of
grains is visible.

4. Conclusions

The thermophysical properties (thermal expansion, thermal diffusivity and conductiv-
ity, and specific heat capacity) of kaolin–zeolite samples were investigated during a heating
stage of the firing. The samples were prepared from Sedlec kaolin (Czech Republic) and
natural zeolite (Nižný Hrabovec, Slovakia). Kaolin was partially replaced with a natural
zeolite in the amounts of 10, 20, 30, 40, and 50 mass%. Pure kaolin and zeolite samples
were also prepared. From the obtained values for the thermophysical properties (thermal
expansion, thermal diffusivity and conductivity, and specific heat capacity) of Sedlec kaolin
and blends of that kaolin with natural zeolite, we can conclude that increasing zeolite con-
tent of the blends decreases the values of all studied properties (except thermal expansion),
which is positive for bulk density, porosity, thermal diffusivity, and conductivity. Zeolite
has a negative effect on thermal expansion due to an increased shrinkage. Therefore, the
optimal amount of zeolite in the blends (for the studied properties) is 30 mass%.
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Abstract: Zeolites can be obtained in the process of the alkali-activation of aluminosilicate precursors.
Such zeolite–geopolymer hybrid bulk materials merge the advantageous properties of both zeolites
and geopolymers. In the present study, the effect of the type and concentration of an activator on
the structure and properties of alkali-activated metakaolin, and metahalloysite was assessed. These
two different kaolinite clays were obtained by the calcination of kaolin and halloysite, and then
activated with sodium hydroxide and water glass. The phase compositions were assessed by X-ray
diffraction, the microstructure was observed via scanning electron microscope, and the structural
studies were conducted on the basis of the infrared spectra. The structure and properties of the
obtained alkali-activated materials depend on both the type of a precursor and the type of an activator.
The formation of zeolite phases was observed when the activation was carried out with sodium
hydroxide alone, or with a small addition of water glass, regardless of the starting material used. The
higher proportion of silicon in the activator solution does not give crystalline phases, but only an
amorphous phase. Geopolymers based on metahalloysite have better compressive strength as the
result of the better reactivity of metahalloysite compared to metakaolin.

Keywords: zeolite; alkali-activation; geopolymer; metakaolin; metahalloysite

1. Introduction

Zeolites are crystalline aluminosilicates (having the general chemical formula
Me2/nO·Al2O3·xSiO2·yH2O [1], with the possibility of [SiO4] substitution by another elements, e.g.,
[PO4]) whose characteristic feature is the microporous, regular structure with a constant channel and
pore size. This feature is an advantage of zeolites over other known sorbents, as it enables the selective
adsorption of ions and molecules. Zeolites are one of the products of alkali-activated aluminosilicate
precursors. The activation is conducted by treating the material with an alkaline solution, and keeping
for an appropriate time at an elevated temperature. This method of obtaining zeolites is well known,
and has been used since many years; however, an improvement of its parameters is still the subject of
research [2]. Depending on the used parameters, geopolymer gel and zeolites can be found among the
reaction products. That type of composite is known as a zeolite–geopolymer hybrid bulk material.

Zeolite–geopolymer hybrid bulk materials are composites that combine the advantages of zeolites
as a dispersed phase and geopolymer as a matrix. Their structure contains the meso-porosity of the
geopolymer and the micro-porosity of the zeolite [3]. The range of porosity in those materials is very
wide, and reaches from 5 Å up to 2 µm [4]. It was proven [3] that there is a relationship between the
properties of initial kaolinite, its meta phase and the final product: zeolite–geopolymer hybrid bulk
material, which gives opportunity to adjust the contents of desirable phases, and in consequence, the
range of porosity.

There are known various aluminosilicate precursors, such as synthetic ones (coal fly ash,
ash from waste incineration, blast furnace slag, etc.) or natural clays, for instance, kaolinite and
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halloysite. Using those natural minerals for the synthesis of zeolite and zeolite–geopolymer hybrid
bulk materials is a topical issue [3,5,6]. Despite the fact that both kaolinite (Al2Si2O5(OH)4) and
halloysite (Al2Si2O5(OH)4·2H2O) have similar compositions [7], their reactivity is different. The source
of the differences is the presence of interlayer water in halloysite’s structure, which results in its greater
porosity, chemical activity and specific surface area [8].

In this work, the results of the structural studies of different composites, obtained using the
alkali-activation method and two different kaolinite clays as starting materials, were presented.
It is well known that kaolinite and halloysite change into hydroxysodalite by the treatment with
sodium hydroxide. It is also known that sodium zeolite type A can be synthesized from both raw
materials [9–11]. However, the methodology for preparing composites varies in all available works.
Therefore, the aim of this work was to compare the impact of the raw material structure on the course of
the synthesis process. As activators, NaOH and water glass were applied. The specific objectives were
to compare the properties of materials obtained on the basis of metakaolin and metahalloysite, their
structural characterization, and the assessment of the impact of the activator type on the properties and
structure of the resulting zeolite–geopolymer hybrid bulk materials. Such composites would possess
the synergistic benefits of both zeolites and geopolymers, and could be used as monolithic sorbents,
self-supported zeolite sieves or membranes, rather than construction materials.

2. Materials and Methods

2.1. Chemicals

Clays from two different Polish deposits were used in this study: kaolin from the Maria III (KSM
Surmin-Kaolin S.A., Nowogrodziec, Poland) and halloysite from the Dunin (Kopalnia Haloizytu
DUNINO Sp. z o. o., Krotoszyce, Poland). Sodium hydroxide (analytically pure NaOH as microbeads)
and water glass (the content of Na2O 11.4 wt.% and SiO2 27.6 wt.%) were used as the activator.

2.2. Pre-Treatment of Natural Clays

The homogenized samples of kaolin and halloysite were thermally treated at 700 ◦C for 2 h (the
temperature was chosen on the basis of the previous work [12]), in order to obtain more reactive
materials, metakaolin and metahalloysite.

2.3. Alkali-Activation

The alkali-activated paste samples were synthesized using 4 mL of the activator per 5 g of
metakaolin. The compositions of the specimens are summarized in Table 1. The solid and solution
were mechanically stirred for several minutes at room temperature. The fresh paste was poured into a
silicone mold (20 mm × 20 mm × 20 mm cubic samples) and activated at 80 ◦C for 24 h. After this time,
the samples were demolded and left to mature for another 27 days. With each mixture at least eight
samples were prepared.

Table 1. The mixture proportions of geopolymer pastes and their molar ratios of silica, alumina, water
and sodium oxide.

Sample Name MK/MH [g] 8 M NaOH [mL] Water Glass [mL] SiO2/Al2O3 Na2O/Al2O3 H2O/Na2O

MK1/MH1 1.00 0.80 0.00 2.1/2.1 0.7/0.9 13.2/13.0
MK2/MH2 1.00 0.70 0.10 2.2/2.3 0.7/0.9 13.7/13.5
MK3/MH3 1.00 0.60 0.20 2.4/2.5 0.7/0.9 14.2/13.9
MK4/MH4 1.00 0.50 0.30 2.6/2.7 0.7/0.9 14.7/14.4
MK5/MH5 1.00 0.40 0.40 2.7/2.9 0.7/0.9 15.3/15.0
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2.4. Characterization

The solid-state characterization techniques, such as X-Ray Fluorescence (XRF), X-Ray Diffraction
(XRD), Infrared Spectroscopy (FT-IR) and Scanning Electron Microscopy (SEM), were carried out on
both raw materials, and on the as-synthesized materials.

The chemical compositions of the starting materials were determined using X-ray fluorescence.
The spectrum was detected using the wavelength dispersive X-ray fluorescence spectrometer (WD-XRF)
Axios mAX 4 kW, PANalytical equipped with Rh source. The PANalytical standardless analysis
package Omnian was used for the quantitative analysis of the spectra.

The resulting materials were analyzed in the terms of the phase composition by means of Philips
X-ray powder diffraction X’P-ert system (CuKα radiation). The measurements were carried out in the
2θ angle range of 5–90◦ for 2 h, with a step of 0.007. Phases were identified with the use of an X’Pert
HighScore Plus application, and the International Centre for Diffraction Data.

The existence of zeolite frameworks was also confirmed by the analysis of the spectra in the mid
infrared (4000–400 cm−1) that were measured on Bruker VERTEX 70v vacuum FT-IR spectrometer
using the standard KBr pellets methods. They were collected in after 64 scans at 4 cm−1 resolution.

The microstructure of the resulting samples was observed using a scanning electron microscope
FEI Nova NanoSEM 200. The samples were sprayed with graphite.

The bulk density was calculated by dividing the mass of the sample by its volume. The compressive
strength of the samples, measured by using the ZwickRoell device machine that works on the principle
of a hydraulic press, is defined as the ratio of the sample breaking force to the area on which the force
acts. Eight similar samples were tested, and the average of the eight measurements was taken.

3. Results and Discussion

3.1. Characterization of Raw Materials

Both kaolinite and halloysite are considered to be the polytypical forms of aluminum
monophyllosilicate with 1:1 packets [13]. They differ in the way the layer packages are arranged in the
crystal structure [14]. The kaolinite crystals have a lamellar habit. The shifting of two layers relative
to each other, tetrahedral (Si–O) and octahedral (Al–OH), creates a tubular halloysite structure. The
characteristic feature of halloysite is also the presence of water molecules in the inter-package space.
The presence of water causes an increase in the distance between the layer packs, where for halloysite
it is 10.1 Å, while for kaolinite, this is 7.15 Å. Both minerals dehydroxylate at 600–800 ◦C [15]. As the
products, more active amorphous metakaolin and metahalloysite, are obtained.

The chemical compositions of the obtained intermediates, determined on the basis of X-ray
fluorescence spectrometry, are summarized in Table 2. By comparing both compositions, it can be
stated that the metakaolin sample has a higher silica content, whereas halloysite has higher amounts of
iron oxide. In addition, the molar ratio of the main components (Si/Al) in both cases was about 2. The
content of CaO in both materials is below 1%, so the resulting products can be called geopolymers
(due to the limitation of this name to low-calcium alkali-activated materials).

Table 2. The chemical compositions of the metakaolin and metahalloysite.

Chemical
Composition [wt.%]

SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O Residual

MK: metakaolin 53.74 0.47 43.82 0.87 0.27 0.14 0.13 0.36 0.20
MH: metahalloysite 40.39 2.39 32.86 20.13 0.37 0.88 0.43 0.25 2.30

Figure 1 shows the XRD-patterns of both clays (K = kaolinite and H = halloysite) before and after
the calcination. The XRD analysis of kaolin (Figure 1a) showed that it consisted of kaolinite and quartz.
After the thermal treatment, only the peaks from quartz, which is not decomposed, are visible. The
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appearance of an amorphous “halo” in the 20–30◦ range on the 2-theta scale indicates the distribution
of kaolinite to the amorphous metakaolin.
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Figure 1. The X-ray diffractometry (XRD) patterns of initial clays and clays after the calcination at
700 ◦C: (a) kaolinite; (b) halloysite.

In turn, the analysis of the phase composition of halloysite (Figure 1b) showed that it included, in
addition to halloysite, quartz and hematite. For both halloysite and metahalloysite, the reflections
are wider, compared to the samples of kaolin and metakaolin, respectively, which indicates a greater
defect or the smaller size of crystallites. In addition, the XRD pattern shows reflections from hematite,
such that the high iron content in the chemical composition (Table 2) confirms its presence; and it also
gave the material a brown color. Attention should also be paid to the quartz content lower than in the
case of kaolin, which may result in better reactivity in an alkaline environment, and thus achieving
better strength parameters for samples obtained under the analogous conditions.

Figure 2 presents the mid-infrared absorption spectra of kaolin and halloysite (marked as K and
H, respectively) and their calcination products (MK and MH). The strong similarity between the
spectra of the samples of kaolin and halloysite can be observed due to the structural similarity of both
materials. The bands in the range of 1100–400 cm−1 are associated with the aluminosilicate structure
of the material, and come from the vibrations of the Si–O–Si(Al) bridges. The band at 913 cm−1 is
characteristic of the kaolinite structure, and comes from Al–OH stretching vibrations in the octahedral
layer. The band at 695 cm−1, in turn, comes from the vibrations of the Al–O bond for aluminum in the
octahedral position. In the spectra of all samples, a characteristic doublet of bands at about 800 and
780 cm−1 can also be seen, indicating the presence of quartz.

The spectra of the materials after the calcination are clearly changed. The bands derived from
the water and the OH groups disappear, which is caused by the dehydroxylation process. Another
difference is the increase in FWHM bands derived from Si–O and Al–O bond vibrations. For the
samples of the starting materials, FWHM is small, which means that they had a crystal structure, while
in the spectrum of the materials after the heat treatment, they are characterized by a larger FWHM,
which indicates a reduced degree of structure ordering. The characteristic band, which indicated the
presence of aluminum in the octahedral position (band at 913 cm−1) also disappeared, which indicates
that a spatial amorphous aluminosilicate structure was obtained.

110



Crystals 2020, 10, 268Crystals 2020, 10, x FOR PEER REVIEW 5 of 11 

 

 

Figure 2. The mid-infrared (MIR) spectra of initial clays (K = kaolin (left) and H = halloysite (right)) 
and clays after the calcination at 700 °C (MK = metakaolin (left) and MH = metahalloysite (right)). 

3.2. Characterization of Alkali-Activated Clays 

Zeolite–geopolymer hybrid bulk materials can be obtained using a thermal activated kaolinitic 
clay. Due to the chemical composition of metakaolin (Si/Al = 1), the most expected crystalline phase 
is zeolite A [12], although the appearance of sodalite is not excluded [16]. 

Figure 3 shows the XRD patterns of the materials obtained as the result of an alkaline activation 
of both metakaolin (Figure 3a) and metahalloysite (Figure 3b). The analysis of the phase composition 
showed the presence of quartz (in all samples) and hematite (only in the series based on halloysite). 
Both mentioned phases were present in the starting material (Figure 1), and did not degrade in the 
discussed process. 

As expected, zeolite A was formed as the result of activation with the highest sodium solution 
content (MK1 and MH1 samples). Interestingly, in the case of metakaolin (Figure 3a), the activation 
with the solution with a slightly lower Na/Si ratio (comparing MK1 and MK2) gave the greater 
amounts of zeolite A. The probable reason was the increased proportion of silicon in the solution in 
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3.2. Characterization of Alkali-Activated Clays

Zeolite–geopolymer hybrid bulk materials can be obtained using a thermal activated kaolinitic
clay. Due to the chemical composition of metakaolin (Si/Al = 1), the most expected crystalline phase is
zeolite A [12], although the appearance of sodalite is not excluded [16].

Figure 3 shows the XRD patterns of the materials obtained as the result of an alkaline activation of
both metakaolin (Figure 3a) and metahalloysite (Figure 3b). The analysis of the phase composition
showed the presence of quartz (in all samples) and hematite (only in the series based on halloysite).
Both mentioned phases were present in the starting material (Figure 1), and did not degrade in the
discussed process.Crystals 2020, 10, x FOR PEER REVIEW 6 of 11 

 

 

(a) 

 

(b) 

Figure 3. The XRD patterns of alkali-activated: (a) metakaolin; (b) metahalloysite. 

The presence of zeolite phase was confirmed by the SEM observations. The selected results are 
shown in Figures 4 and 5. Especially in the samples containing zeolite A (MK2; Figure 4a), the cubic 
crystallites surrounded and joined with a layer of amorphous phase were visible. Zeolite X obtained 
in the analogous conditions had less developed morphology (MH2, Figure 5a), hence its 
identification was difficult [16]. 

The higher reactivity of metahalloysite compared to metakaolin was demonstrated by the 
analysis of samples obtained with the higher proportion of water glass in the activating solution. By 
comparing the microstructure of MK5 (Figure 4b) and MH5 (Figure 5b) samples, it could be easily 
seen that, while in the case of the sample based on metakaolin (MK5), the low ordered amorphous 
phase was visible, the sample based on metahalloysite (MH5) was characterized by a microstructure 
typical for the N-(A)-S-H phase [19]. 

 

(a) 

 

(b) 

Figure 4. The microstructure of metakaolin-based composites: (a) MK2; (b) MK5. 

Figure 3. The XRD patterns of alkali-activated: (a) metakaolin; (b) metahalloysite.

As expected, zeolite A was formed as the result of activation with the highest sodium solution
content (MK1 and MH1 samples). Interestingly, in the case of metakaolin (Figure 3a), the activation
with the solution with a slightly lower Na/Si ratio (comparing MK1 and MK2) gave the greater amounts
of zeolite A. The probable reason was the increased proportion of silicon in the solution in the first
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stages of the geopolymerization process [17,18], which promoted the condensation of tetrahedra into
the double-6-ring units, characteristic for LTA structures. In the case of halloysite (MH2), zeolite X was
formed under the same conditions. The literature data indicate [1] that this zeolite can be obtained
using a longer synthesis time, or in reaction systems with a higher silicon content. It can therefore
be assumed, that either the metahalloysite dissolved faster than the metakaolin, or the halloysite
contained more silicon in the active phase (despite the similar silicon content in both raw materials
(Table 1), metakaolin contained inert quartz (Figure 1)). In the systems with higher silicon content
(MK3–MK5 and MH3–MH5), zeolite phases were not formed.

The presence of zeolite phase was confirmed by the SEM observations. The selected results are
shown in Figures 4 and 5. Especially in the samples containing zeolite A (MK2; Figure 4a), the cubic
crystallites surrounded and joined with a layer of amorphous phase were visible. Zeolite X obtained in
the analogous conditions had less developed morphology (MH2, Figure 5a), hence its identification
was difficult [16].
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Figure 5. The microstructure of metahalloysite-based composites: (a) MH2; (b) MH5.

The higher reactivity of metahalloysite compared to metakaolin was demonstrated by the analysis
of samples obtained with the higher proportion of water glass in the activating solution. By comparing
the microstructure of MK5 (Figure 4b) and MH5 (Figure 5b) samples, it could be easily seen that,
while in the case of the sample based on metakaolin (MK5), the low ordered amorphous phase was
visible, the sample based on metahalloysite (MH5) was characterized by a microstructure typical for
the N-(A)-S-H phase [19].

In the MIR spectra (Figure 6) the bands due to the characteristic vibrations of bonds observed in
both types of oxygen bridges, Si–O–Si and Si–O–Al, were assigned. These bridges constitute basic
structural units, forming tetrahedral geopolymer chains. It was found that the slag composition
influences the presence of the bands connected with the phases formed during the hydration in the
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MIR spectra. Additionally, significant effect of amorphous phases share on the spectra shape was
established. Based on IR spectra, it was also possible to determine the influence of the activator type
on the products formed.Crystals 2020, 10, x FOR PEER REVIEW 8 of 11 
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The geopolymerization of alkali-activated metakaolin/metahalloysite (MK/MH) was indicated
by the bands corresponding to vibrations of Si–O–Si(Al) at 1200–950 cm−1 (νas) and at 750–650 cm−1

(νs). Their presence in the IR spectra is due to the aluminosilicate character of the structure. These
bands do not differ significantly from each other, however, the fact that the envelope in this range is a
superposition of several bands should be kept in mind.

First, the slight shift of the most intense band located at about 1000 cm−1 with the increasing
amount of water glass can be observed. On the one hand, the reason may be the increasing share of
silica in the structure. On the other hand, the degree of structure polymerization can be increased,
which would explain the systematic increase in the compressive strength of the MK1–MK5 samples,
and which agrees well with the microscopic observations. The analogous conclusions can be drawn by
interpreting the spectra of the series of samples based on metahalloysite (MH1–MH5). This observation
agrees with our previous conclusions [18].

The significant differences in the IR spectra of the MK1 and MK2 samples are visible in the
so-called pseudolattice range, 800–550 cm−1, in which the vibrations of the over-tetrahedral structural
units of the zeolite framework can be visible. Especially, characteristic is the band at 557 cm−1, which
is connected with the vibrations realized in the zeolite A structure. In turn, the spectrum of the sample
MH2 shows two bands characteristic for the faujasite-type structure (zeolite X).

The carbonate group bands were identified at about 1450 and 880 cm−1, as they may be the result
of the carbonation of N-(A)-S-H or other sodium compounds, or an unreacted alkali-activator. The
interesting observation is the fact that the presence of zeolites in the geopolymer structure inhibits the
carbonation process. In this case, sodium was probably bound in the zeolite structure, and there was
no free OH groups that could be involved in the carbonation. On the other hand, the intensity of this
band decreased as the sodium content in the reaction systems decreased (hence the disappearance of
this band in the spectra of the MH5 sample, obtained by activation with the solution with the lowest
sodium content).

The bulk density and compressive strength of the geopolymer samples after 28 days of maturation
were determined. The results are shown in Figure 7. Generally, the strength achieved by geopolymers
based on clay minerals is relatively low compared to materials based on fly ash or blast furnace
waste [20]. In the case of this work, these values did not exceed 12 MPa. The highest compressive

113



Crystals 2020, 10, 268

strength values were achieved for the samples MK5/MH5. This is in line with the literature data [21],
which indicates that the higher the silicon content in the activator, the higher the strength parameters.
It is related to the content of the amorphous phase, that is, the higher the glassy content, the more
visually homogenous gel structure (Figures 4 and 5), which have possibly contributed to its high
strength after the activation.
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Figure 7. The physical and mechanical properties of the obtained samples: (a) bulk density; (b)
compressive strength.

What is surprising is the high strength of the samples in which zeolite phases were found. Two
factors related to the zeolite presence in a geopolymer matrix affect the compressive strength, where
one is the amount of zeolites, and the second is the zeolite crystallite size. Their growth causes the
decrease in the compressive strength of the composite [2]. The relatively high strength of the obtained
samples with zeolites suggest that these factors are at the levels which can be borne by a geopolymer
matrix without causing its weakening.

When comparing the two raw materials used, it can be stated that the samples based on
metahalloysite were characterized by a higher apparent density, and thus a higher compressive
strength. The obtained better strength values may have resulted from the abovementioned absence
of quartz in the phase composition of this raw material, as well as from the greater reactivity of
metahalloysite compared to metakaolin, which could have affected the formation of phases with the
higher structural density. This was confirmed by both the microscopic observations (Figures 4 and 5),
and also in the analysis of the infrared spectra (the higher positions of the band originating from
Si–O–Si(Al) bridges with similar raw material compositions; (Figure 6)).

A significant difference in the iron content of the compared raw materials (Table 2) can be
controversial. The role of iron in the geopolymerization process is widely discussed [22–24]. It is
generally accepted that the contribution of iron oxide inhibited the geopolymer formation, and it
is necessary to control the content of Fe2O3 to enhance the physical characteristics of geopolymer
paste [22]. The distribution of iron in geopolymers made with iron-rich precursors has been also
investigated [23,24]. The authors agree that iron (Fe3+) occupies primarily octahedral positions.
However, information can be found that the coordinated Fe3+ replaced Al3+ in the aluminosilicate
structure of the geopolymer [24]. On the other hand, some observation suggests the replacement of
Al3+ by Fe3+ in octahedral sites most likely within the kaolinite phase, which indicate that iron is not
necessarily deleterious to geopolymer formation, as has sometimes been suggested [23].

It was observed that the optimal composition of geopolymer based on fly ash and red mud (Fe2O3

content = 33.9 wt.%) was at a weight ratio of 50/50 that gave higher compressive strength than at any
other ratio [24]. Geopolymers based on fly ash with a high content of iron oxide (48.8 wt.%) exhibited
better heat resistance than Portland cement concrete [25]. Also, a high iron oxide (31.1 wt.%) in fly ash
has no negative effect on the strength development of geopolymer [26]. Based on the results described
in this paper, it is impossible to clearly assess the role of iron in the formation of the geopolymer
structure. Although MH contains much higher amounts of iron (Table 2), it is mainly in the form of
hematite (Figure 1), and in this form it can also be found in the material after activation (Figure 3). In
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addition, composites based on MH have a higher compressive strength, which is due to the higher
degree of structure polymerization observed both in FT-IR and SEM analysis.

4. Conclusions

The aim of this study was to determine the effect of the type and concentration of an activator on
the structure and properties of the alkali-activated metakaolin and metahalloysite. Therefore, the first
stage of the work was based on the obtaining of the metakaolin and metahalloysite phases as a result
of the calcination of the starting materials, kaolin and halloysite, respectively. The obtaining of the
reactive phases with a similar structure was confirmed by the analysis of the XRD and IR results. The
chemical and phase composition analysis confirmed that both of the starting materials are mainly in
the amorphous aluminosilicate phase.

The next stage of the work was an attempt to alkali-activate the previously obtained metakaolin
and metahalloysite. A number of activation solutions based on sodium hydroxide and sodium silicate
were used. The structure and properties of the resulting geopolymer binders depend on both the type
of starting material used, and the type of activator. The activation carried out with sodium hydroxide
alone, or with a small addition of water glass, causes the formation of zeolite phases, regardless of the
starting material used. The alkaline activation with a solution with a higher proportion of silicon did
not give crystalline phases, but only an amorphous N-(A)-S-H phase.

The bulk density and compressive strength were determined. The obtained strength values were
in the range of 0.7–7.1 MPa for metakaolin, and in the range of 1.1–11.3 MPa for metahalloysite. The
geopolymers based on metahalloysite had better strength results, which was probably due to their
higher bulk density. A higher density, and thus better strength parameters, were probably the result of
the better reactivity of metahalloysite compared to metakaolin.

Zeolites are known for their ability to immobilize heavy metal ions. Although the resulting
materials did not obtain the strength parameters valuable for construction, subsequent tests may prove
to be attractive materials for neutralizing hazardous waste and water treatment.
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Abstract: ZSM-5 zeolites are commonly used as a heterogeneous catalyst for reactions. Four ZSM-5
catalysts (with various crystallite sizes and a similar ratio of Si/Al) and their ball-milling/surface-
poisoning derivates were used to convert L-lactic acid to L, L-lactide. The reaction products were
analyzed by three independent analytical methods (i.e., Proton nuclear magnetic resonance (1H NMR),
high-pressure liquid chromatography (HPLC), and chiral gas chromatography (GC)) for determining
the L, L-lactide yield and L-lactic acid conversion. A clear size effect, i.e., smaller catalysts providing
better performance, was observed. Further ball-milling/surface-poisoning experiments suggested that
the size effect of the ZSM-5 catalysts originated from the diffusion-controlled nature of the reaction
under the investigated conditions.

Keywords: ZSM-5 zeolites; L,L-lactide; size effect; diffusion control

1. Introduction

Polylactic acid (PLA), produced by the condensation of lactic acid, is widely used in disposable
packaging and in vivo biomedical applications [1], among other applications, due to its biodegradability
and biocompatibility. Furthermore, its building block, i.e., lactic acid, is a sustainable and renewable
biomass-derived platform molecule that is independent of fossil resources.

To avoid the high reaction temperature required for water removal during the condensation
process, industrially manufactured PLA is synthesized via the lactide route. The lactide route
enables the production of high-quality, monodispersed, higher molecular weight PLA [2]. Hence,
pure optical lactides (i.e., L, L-lactide and/or D, D-lactide) are important intermediates for producing
high-quality PLA.

Bellis et al. [3] proposed vapor-phase synthesis over a plug flow reactor. Chang and coworkers [4,5]
realized a 94% yield with almost 100% enantio-selectivity using a SnO2–SiO2 nanocomposite catalyst.
However, a high yield was only achieved at a relatively low velocity of 1 or 3 h−1. Sels and co-workers
proposed a liquid-phase lactide synthesis process [6]. In their work, zeolite was used as a shape-selective
catalyst to produce highly optical pure L-lactide (Scheme 1). The acidic form of beta zeolite was
proposed as the best catalyst to achieve an 83% pass yield and a 98% optical purity. However, the work
only compared some zeolites and left crystallite size unexplored.

In this work, a size effect and better performance was observed for ZSM-5 in comparison to
beta zeolite. Further ball-milling and surface-poisoning experiments were performed to elucidate the
size effect.
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Scheme 1. The current and proposed chemical process for making L, L-lactide and lactyl oligomers
from L-lactic acid.

2. Materials and Methods

2.1. Materials

All chemicals were purchased from Aladdin Chemical Co. (Shanghai, China) and Sigma-Aldrich
(St. Louis, MO, USA) and used directly after receiving. Commercial nanocrystalline zeolites of
NH4–ZSM-5-I (CBV3020, Si/Al = 15) and NH4–ZSM-5-II (CBV3024E, Si/Al = 15) were purchased
from Zeolyst (Farmsum, The Netherlands). Micrometer-sized ZSM-5-III (Si/Al = 12) and ZSM-5-IV
(Si/Al = 10) were provided by Wuhan Zhizhen Zeolite Co. (Wuhan, China). ZSM-5-III-b.m. and
ZSM-5-IV-b.m. were obtained by ball milling ZSM-5-III (Si/Al = 12) and ZSM-5-IV (Si/Al = 10) for half
an hour at 60 Hz.

All of the ZSM-5 zeolites were calcined before use for 6 h at 550 ◦C, reaching a rate of 2 ◦C/min
under a smooth flow of air to obtain the acidic form of ZSM-5 as a catalyst for the transformation of
L-lactic acid into L, L-lactide. We named the six acidic forms of the ZSM-5 zeolite ZSM-5-I (I), ZSM-5-II
(II), ZSM-5-III (III), ZSM-5-I (IV), ZSM-5-III-b.m. (III-b.m.), and ZSM-5-IV-b.m. (IV-b.m.). When
ZSM-5-IV (Si/Al = 10) was ball milled for 15 min at 60 Hz, the obtained sample was ZSM-5-IV-b.m.-
15 min (IV-b.m.-15 min).

2.2. Methodology

2.2.1. Characterization of the ZSM-5 Zeolites

The X-ray diffraction (XRD) patterns of the ZSM-5 zeolites were obtained using a Rigaku SmartLab
diffractometer (Rigaku Co., Tokyo, Japan) with Cu Kα monochromatic radiation (λ = 0.154178 nm) at
40 kV and 30 mA. The crystallite morphology and size of these ZSM-5 catalysts were investigated
by ultra-high-resolution scanning electron microscopy (SEM; FE-SEM SU8010, HITACHI, Tokyo,
Japan) and transmission electron microscopy (TEM; JEM-1400 Plus, JEOL, Tokyo, Japan). The Si/Al
ratios of the ZSM-5 catalysts were determined by inductively coupled plasma optical emission
spectrometry (ICP-OES, Perkin ElmerOptima8300, PerkinElmer, Waltham, MA, USA). The N2

adsorption isotherms of these ZSM-5 catalysts at 77 K were measured using a Micrometrics ASAP 2020
Plus (Micrometrics, Norcross, GA, USA) instrument. To investigate the acidic properties of the ZSM-5
catalysts, temperature-programmed desorption of ammonia (NH3-TPD) and pyridine adsorption
Fourier-transform infrared spectroscopy spectra (py-IR) were used. The NH3-TPD measurement was
conducted using an MFTP-3060 (Xiamen Better Work Intelligent Technology Co., Xiamen, China)
instrument with a thermal conductivity detector (TCD), while the py-IR spectra were recorded using a
ThermoFisher Scientific RS20 (Thermo Fisher Scientific, Waltham, MA,USA) instrument in situ.

2.2.2. Synthesis of L, L-Lactide

First, 0.83 g of L-lactic acid (9.21 mmol, 98%) dissolved in 0.83 g of water was placed into a
25 mL round-bottom flask, which was equipped with a magnetic stirrer and a Dean–Stark apparatus.
Subsequently, 10 mL of o-xylene/p-xylene (99%) was added, as well as 0.2 g of calcined zeolite.
Then, the mixture was heated at the reflux temperature of o-xylene (144 ◦C) for 4 h. After the reaction,
the mixture was homogenized by the addition of 10 mL of acetonitrile (99%). The zeolite was removed
by centrifugation.

118



Crystals 2020, 10, 781

The condition of the surface-poisoning experiment was the same as the above; only 0.031 g of
2,4-dimethylquinoline was added to poison the surface of Sample II to eliminate the influence of the
surface reaction on the catalytic results.

2.2.3. Analytical Methods

1H NMR analysis of the production: After accurately measuring the total mass of the homogeneous
reaction mixture, a 1 mL sample was taken from the homogeneous reaction mixture, weighed, and then
dried in a gentle flowing nitrogen atmosphere to remove the o-xylene and acetonitrile solvents. Mild
drying in a nitrogen atmosphere can remove the solvent without affecting the less-volatile lactide and
lactic acid mixtures. The dry sample was dissolved in 0.5 mL of DMSO-d6, transferred to NMR tubes,
and then measured on a Bruker Avance 400 MHz NMR (Bruker Co., Billerica, MA, USA) spectrometer
with an automated sampler.

Chiral GC analysis: GC analysis was performed on an Agilent 7890B system (Agilent Technologies,
Santa Clara, CA, USA) with a chiral capillary column, equipped with a flame ionization detector
(FID) maintained at 275 ◦C and Agilent MassHunter Qualitative Analysis software. The injection port
temperature was 225 ◦C, and the initial column temperature was set at 70 ◦C. This temperature was
maintained for 5 min before being increased to 150 ◦C at 15 ◦C/min, after which the oven was ramped
up to 180 ◦C at 25 ◦C/min and held there for 24 min.

HPLC analysis: A 1 mL sample was taken, weighed, and then dried under a flowing nitrogen
atmosphere. This dry sample was dissolved in 1 mL of ultra-pure water and analyzed using reverse
phase-HPLC on an Agilent 1100 Series Products Spectra System (Agilent Technologies, Santa Clara,
CA, USA) equipped with a PL Hi-Plex H Guard 50 × 7.7 mm column, a PL Hi-Plex H 300 × 7.7 mm
column, and a 1260 Infinity UV-Vis detector at 210 nm. Lastly, 0.001 M H2SO4 solvent was used as a
mobile phase, and the flow rate was 0.6 mL/min.

3. Results and Discussion

3.1. Characterization of the ZSM-5 Zeolites with Different Crystallite Sizes

The XRD patterns of the six ZSM-5 zeolites are shown in Figure 1. Characteristic diffraction peaks
(2θ = 7.8◦, 8.7◦, 23.1◦, 23.8◦, and 24.3◦) [7] for the ZSM-5 structure (MFI) were found in all the catalysts,
and no impurity peaks were surveyed. Across Samples I–IV, the XRD patterns show very sharp
reflections and low background signal, indicating their superior crystalline properties. The relative
crystallinity of the ZSM-5 zeolites with different crystallite sizes was determined from the peak area
between 2θ = 22–25◦ using Sample I as the standard [7,8], and the results are listed in Table 1. The
texture properties of the ZSM-5 zeolites were characterized by nitrogen adsorption/desorption and
ICP-OES analysis (Table 1). Examination of the data shows that the Brunauer–Emmett–Teller (BET)
surface area and the t-plot micropore volumes of Samples I–IV are similar, but the external surface area
increases as the crystallite size decreases. Different shapes and sizes of the catalysts can be observed
in the SEM micrographs (Figure 2a,d,g,j) and the TEM images (Figure 2b,e,h,k). Samples I and II are
round cuboids, but Samples III and IV are sharp rectangular blocks. All of the ZSM-5 catalysts were
agglomerated by microcrystals to form secondary particles. The distribution of the crystallite sizes
was obtained from 300 randomly selected microcrystalline samples. Sample I shows the smallest
crystallite size (0.05–0.20 µm in length and ~0.08 µm in width), while Sample II (0.08–0.30 µm in length
and ~0.1 µm in width) shows a larger crystallite size than Sample I. Sample III displays a length of
0.75–3 µm and a width of 0.5 µm, although Sample IV exhibits the largest crystallite size (a length of
1–4 µm and a width of 1 µm).
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Figure 1. The X-ray diffraction patterns of ZSM-5 zeolites I–IV, III-b.m., and IV-b.m.

Table 1. Structural and textural properties of ZSM-5 zeolites I–V, III-b.m., and IV-b.m.

Zeolite
Relative

Crystallinity (%)
Si/Al Molar

Ratios 1
ABET

2

(m2/g)
Vmicro

3

(cm3/g)
External Surface

Area 3 (m2/g)

I 100.0 12.4 397.5 0.15 42.6
II 90.0 12.0 393.4 0.15 36.7
III 89.1 10.7 411.8 0.16 12.0
IV 80.0 9.3 403.7 0.16 6.7

III-b.m. 81.4 10.6 362.9 0.14 27.3
IV-b.m. 70.6 9.5 336.2 0.13 25.1

1 Measures by ICP-OES; 2 Brunauer–Emmett–Teller (BET) surface area; 3 micropore volume and external surface
area determined by t-plot.

When Samples III and IV were milled, we gained III-b.m. (0.1–0.8 µm in length and ~0.2 µm
in width) and IV-b.m. (0.2–0.8 µm in length and ~0.3 µm in width), which were irregular pieces
(Figure 2m,n,p,q). In Figure 1, for III-b.m. and IV-b.m., the broad XRD peaks around 25◦ imply the
presence of amorphous material impurity because of the ball milling. Meanwhile, the BET surface area
and the t-plot micropore volume of III-b.m. and IV-b.m. decreased marginally, but the external surface
area increased (Table 1).
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Figure 2. The scanning electron microscopy (SEM) micrographs, transmission electron microscopy
(TEM) images, and distribution curves of the crystallite sizes of the ZSM-5 zeolites: (a–c) I; (d–f) II;
(g–i) III; (j–l) IV; (m–o) III-b.m.; (p–r) IV-b.m.
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The acid strength and the number of the acidic sites on the surfaces of the six kinds of ZSM-5
zeolites were determined by NH3-TPD measurement (as shown in Figure 3a). All of the ZSM-5 catalysts
demonstrated two similar NH3 desorption peaks—a low-temperature peak at approximately 195 ◦C
and a high-temperature peak at about 405 ◦C, generally belonging to the NH3 chemisorbed on weak
and strong acidic sites [9–13], respectively. The strength of the acid sites and the number of weak
and strong acid sites of these six ZSM-5 samples are basically the same due to the similar Si/Al molar
ratio. The py-IR spectra were used to detect the Lewis and Brønsted sites of the ZSM-5 catalysts, and
Figure 3b exhibits the py-IR spectra of these acquired ZSM-5 zeolites in the region of 1400–1700 cm−1.
The band in the 1450 cm−1 region belongs to pyridine adsorbed on the Lewis acid sites, while the band
in the 1540 cm−1 region is attributed to pyridine adsorbed on the Brønsted acid sites. [14,15] These
results indicate that all of the samples have similar amounts of Lewis and Brønsted acid sites. The data
in Table 2 show that ZSM-5 zeolites with different crystallite sizes exhibit a similar concentration of
both Brønsted and Lewis acidic sites at 150 ◦C. [16] Thus, the influence of the acidic properties on the
catalytic reaction is insignificant.

− −

−

μ
μ

μ

Figure 3. (a) Temperature-programmed desorption of ammonia (NH3-TPD) profiles of various ZSM-5
zeolites; and (b) infrared spectra of adsorbed pyridine on various ZSM-5 zeolites at a desorption
temperature of 150 ◦C.

Table 2. Results for the IR spectra of pyridine adsorbed on the different ZSM-5 zeolites after desorption
at 150 ◦C.

Catalyst I II III IV III-b.m. IV-b.m.

B 1 (µmol/g) 148.2 156.5 171.1 187.1 164.5 180.2
L 2 (µmol/g) 48.0 45.3 40.5 39.1 43.8 45.0

Total acid (B + L) (µmol/g) 196.2 201.8 211.6 226.2 208.3 225.2
1 B: Brønsted acid sites; 2 L: Lewis acid sites.

3.2. Transformation of L-Lactic Acid into L, L-Lactide

The catalytic performance of various ZSM-5 zeolites was appraised under the same reaction
conditions. In a typical reaction system, the desired amounts of L-lactic acid, water, ZSM-5, and o-xylene
were mixed in a round-bottom flask, which was then connected to a Dean–Stark apparatus (Figure S1).
After that, the mixture was applied under continuous water expunction via the reflux of o-xylene. The
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product yield and selectivity of the desired lactide were determined by 1H NMR, HPLC, and chiral GC.
The details of a typical 1H NMR spectrum in DMSO-d6 in the methine region is given in Figure S2,
revealing the conversion of L-lactic acid to L, L-lactide from four reaction mixtures taken at different
times. Analyzing the samples in the methine region allows distinguishing between monomeric L-lactic
acid; L, L-lactide; the center lactyl units of linear oligomers; and the -COOH and -OH end groups
of linear oligomers. [6,17] In general, the L, L-lactide yield; L-lactic acid conversion; and oligomers
were measured by 1H NMR integration, relative to the total amount of lactyl-containing products
present. HPLC analysis is dependable and allows the admeasurement of L-lactic acid conversion
and the yields of all lactyl substances involved. Compared to 1H NMR, which provides the average
oligomer length, HPLC analysis can separate all oligomers encountered [18]. This chiral GC enables us
to discriminate L, L-lactide; D, D-lactide; and meso-lactide [6]; however, due to the limited volatility
of L-lactic acid, GC cannot accurately quantify it. Usually, GC analysis is only used as an auxiliary
confirmation tool to confirm the yields of L, L-lactide produced by optimized catalytic reactions and
to determine that there is no substantial degree of meso-lactide formation. In this study, there were
no other organic species, but condensation products were sought out in the reaction mixtures by
HPLC and GC, which corroborated the selectivity of the reaction to the condensation products and the
correctness of the 1H NMR analysis. The yields of L, L-lactide obtained by these three independent
analytical methods were in good agreement with one another. Figure S3 shows the kinetics of the
reaction using Sample I. It can be observed that at the beginning, 2% of oligomers (mainly dimers and
trimers) are present. The maximum value of the oligomers was reached after a short contact time.
In the third hour, the catalytic reaction was close to completion.

Figure 4 and Table S1 compares the catalytic performance of the H-form of the ZSM-5 catalysts
with different crystallite sizes in o-xylene at 144 ◦C for 4 h. The nano-sized I sample shows the highest
selectivity for lactide synthesis, yielding nearly 89% at full L-lactic acid conversion, compared to 9%
at only 20% conversion in the absence of a catalyst. The L, L-lactide yield, L-lactic acid conversion,
and selectivity decreased with the increase in crystallite size.

Figure 4. The product distribution of L-lactic acid to L, L-lactide over the ZSM-5 zeolites.

Figure S4 shows the product distributions of the reaction on different solvents with/without
surface poisoning. The p-xylene provides a subtle difference from o-xylene. The surface poisoning
experiment reveals that external surface acid sites play important roles, and that the internal acid sites
also exhibit activity—however, with limited diffusion.
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When we ball milled the micron-sized III and IV samples into the nano-sized III-b.m.,
IV-b.m.-15 min, and IV-b.m. (30 min) samples, the L, L-lactide conversion and selectivity increased
significantly. In particular, IV, IV-b.m.-15 min, and IV-b.m. (30 min) continuously improved the
catalytic performance (Figure S5). The ball-milled catalysts not only exposed more internal acid sites
but also improved the reactant/product mass transfer, which is also consistent with the results of
the surface-poisoning experiments. Furthermore, the change in morphology during the ball-milling
process, i.e., break down in the longest dimension, may also have contributed to increasing the exposure
of the straight 10-ring channel. As a consequence, the catalytic performance improved due to the
shorter diffusion path. In general, besides reducing the particle size of the primary catalyst, the effect
of the external (liquid–solid) mass transfer resistance can be eliminated by increasing (a) the amount of
catalyst and (b) the reaction temperature [19]. However, the amount of catalyst is limited by the net
adsorption of the reactant/product by the catalyst, while the reaction temperature is limited by the side
reactions. The internal (pore diffusion) mass transfer is determined by the intrinsic pore size and pore
volume of ZSM-5. Based on the results of the experiments, both external and internal mass transfer
influence the overall effectiveness of the mass transfer. Further work to evaluate the contributions of
both internal and external mass transfer is being conducted in our laboratory.

4. Conclusions

ZSM-5 catalysts with different crystallite sizes were analyzed by XRD, SEM, N2 adsorption/
desorption, ICP, NH3-TPD, and pyridine IR. Then, these ZSM-5 catalysts and their derivatives
were applied to the reaction of L-lactic acid conversion into L, L-lactide. A clear size effect of
the ZSM-5 catalysts, i.e., smaller crystallites providing better performance, was observed. Further
ball-milling and surface-poisoning experiments indicated that this size effect mainly originated from
the diffusion-controlled nature of the reaction under the investigated conditions. Therefore, this work
highlights that any operations to improve mass transfer—e.g., smaller catalyst particle sizes, a shorter
b-axis 2D layer, or a hierarchical structure— during synthesis or post-synthesis could enhance the
catalytic performance of the reaction.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/9/781/s1.
Characterization procedure for ZSM-5 catalysts’ acidity; Figure S1: General lab-scale setup; Figure S2: Reaction
progress using Sample I as the catalyst according to 1H NMR in DMSO-d6; Figure S3: Kinetics of the reaction;
Table S1: The results of the reaction with the ZSM-5 catalysts; Figure S4. The product distribution of L-lactic
acid to L, L-lactide over Sample II in p-xylene and the results of poisoning the surface of Sample II with
2,4-dimethylquinoline in o-xylene; Figure S5: The SEM images and the distribution curves of the crystallite sizes
of Samples IV, IV-b.m.-15 min, and IV-b.m. (30 min), and the product distribution of L-lactic acid to L, L-lactide
over Samples IV, IV-b.m.-15 min, and IV-b.m. (30 min).
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Abstract: Silicalite-1 membrane was prepared on an outer surface of a tubular α-alumina support by
a secondary growth method. Changes of defect amount and crystallinity during secondary growth
were carefully observed. The defect-less well-crystallized silicalite-1 membrane was obtained after
7-days crystallization at 373 K. The silicalite-1 membrane became (h0l)-orientation with increasing
membrane thickness, possibly because the orientation was attributable to “evolutionally selection”.
The (h0l)-oriented silicalite-1 membrane showed high p-xylene separation performance for a xylene
isomer mixture (o-/m-/p-xylene = 0.4/0.4/0.4 kPa). The p-xylene permeance through the membrane
was 6.52 × 10−8 mol m−2 s−1 Pa−1 with separation factors αp/o, αp/m of more than 100 at 373 K. As a
result of microscopic analysis, it was suggested that a very thin part in the vicinity of surface played
as effective separation layer and could contribute to high permeation performance.

Keywords: membrane; separation; zeolite; silicalite-1; xylene; orientation; evolutionally selection

1. Introduction

The separation and purification process requires a huge amount of energy in petroleum and
petrochemical fields. To reduce energy consumption, an energy-saving process for hydrocarbon
separation is desired. Membrane separation and distillation-membrane hybrid separation techniques
are expected as promised novel energy-efficient processes [1]. Although many kinds of polymeric
membranes have been widely used for gas separation and water treatment, polymeric membranes are
hardly used for hydrocarbon separation due to their scarce thermal, and chemical resistance required for
membrane materials used in petroleum and petrochemical industries. Therefore, inorganic membranes
such as silica [2,3], carbon molecular sieve [4,5], and zeolite [6–11] for hydrocarbon separation have
been extensively studied for recent decades due to their high stability. In particular, zeolite is one of
the most promised membrane materials since zeolite has unique molecular sieving properties based
on its uniformly sized micropore.

MFI-type zeolite is one of the most popular synthetic zeolites with straight channels (0.56 × 0.53 nm)
along b-axis and sinusoidal channels (0.51× 0.55 nm) along a-axis [12,13]. As these pore sizes are close to
sizes of middle hydrocarbons, an MFI-type zeolite membrane is anticipated to separate these mixtures
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by the molecular sieving effect. Therefore, much research on the separation of ethanol/water [14],
butane isomer [6], hexane isomer [6,7], and xylene isomer [6,8–11] with MFI-type zeolite membranes
have been reported. Xylene isomer separation is particularly important, however a difficult target of the
MFI-type zeolite. Whereas the demand for p-xylene as feedstocks of polyesters is larger than those of
the other isomers, p-xylene selectivity in isomerization is limited to 20% by thermodynamic equilibria
under common reaction conditions. For this reason, p-xylene is separated from large amounts of other
xylene isomers.

The principle of p-xylene separation from xylene isomer mixture by using the MFI-type zeolite
membrane is the molecular sieving effect that enables us to separate them by size. In other words,
p-xylene preferentially penetrates through the MFI-type zeolite membrane because a diffusivity of
p-xylene is a magnitude larger than those of the other isomers owing to its small molecular size. To
exhibit such size-exclusion ability, the MFI-type zeolite membrane has to be synthesized with very
few defects.

Preparation methods of defect-less membranes have been widely studied for the last decades.
In particular, the calcination step is quite an important problem for the preparation of membranes with
high separation ability. Calcination is necessary to remove the organic structure-directing agent (OSDA)
to activate the micropore of the MFI-type zeolite membrane prior to use. However, crack formation
often occurs in the calcination step due to the large differences in thermal expansion coefficients
between support and membrane, or by the volume change in the zeolite crystal followed by removal
of OSDA [15,16]. It had been reported that membrane thickness strongly influenced crack formation in
the calcination step [17,18]. Thicker membranes are easily broken by calcination and spoiled their size
exclusion ability. Hedlund et al. pointed out that a thin membrane layer contributes to obtaining a
defect-free membrane because these membranes hardly collapsed in calcination steps [17].

Because p-xylene permeance through membranes were still insufficient for practical use,
improvement of the permeance is an important issue in development as well. To enlarge p-xylene
permeance many researchers have focused on crystal orientation and membrane thickness. Lai et al.
reported a preparation method of oriented silicalite-1, a pure silica MFI-type zeolite, membranes [9,10].
In their study, a b-oriented silicalite-1 membrane where through-pores existed vertically to the support
surface showed high p-xylene permeance for xylene isomer separation. Hedlund et al. prepared
an ultra-thin MFI-type zeolite membrane by using the masking technique [6,19]. In their masking
technique, the pores of porous support were plugged with polymethyl methacrylate (PMMA) prior
to crystallization to avoid the formation of resistance layer, amorphous, and/or crystals, inside of
support. The PMMA was removed and an ultra-thin, ca. 500 nm, membrane layer remained on the
surface of support after crystallization. The ultra-thin membrane exhibited high permeance for C4–C8

hydrocarbon separation. Recently, Tsapatsis et al. reported the b-oriented MFI nanosheet membrane
with the thickness of ca. 200 nm [20,21]. Their nanosheet membrane exhibited the p-xylene permeance
of 2.9 × 10−8 mol m−2 s−1 Pa−1 from o- and p-xylene mixture with separation factor of ca 8000 at 423 K.

These reports described above clearly showed that controlling crystal orientation and reducing
membrane thickness were effective approaches for improvement of permeation ability. However, such
preparation methods are complicated to apply in practical use and lead to escalating a membrane
cost. Here, we suppose a simple synthesis method of a silicalite-1 membrane with a thin effective
separation layer by a secondary growth method along with two strategies. The seed crystal is only
loaded on an outer surface of the support to avoid the formation of a resistance layer inside the support
and to obtain a highly permeable membrane. In addition, the seed crystal is grown by hydrothermal
treatment in relatively mild conditions in which nucleation hardly occurs and crystals slowly grow. As
soon as defects among crystals are occluded, hydrothermal treatment is stopped, resulting in that a
membrane having a thin compact layer will be obtained.

In this study, the formation process of the silicalite-1 membrane was carefully observed. Changes
in defect amount and separation property were specifically investigated. In addition, permeation and
separation properties for xylene isomer mixture were evaluated.
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2. Experimental

2.1. Preparations of Seed Crystal and Seeded Support

Silicalite-1 membranes were synthesized by a secondary growth method. Seed crystal and seed
slurry for preparation of seeded support were prepared as follows.

Synthesis solution of 25SiO2:2(TPA)2O:1100H2O:100EtOH:0.1Na2O [22] was prepared by mixing
of tetraethylorthosilicate (TEOS, 98 wt.%, Merck Co., Gernsheim, Germany), tetrapropylammonium
hydroxide solution (TPAOH, 1.0 M, Sigma-Aldrich Co., Missouri, US), distilled water and sodium
hydroxide (97%, Kanto Chemical, Tokyo, Japan). TEOS was slowly added into a mixture of the other
chemicals, and the obtained synthesis solution was aged at room temperature for 24 h under stirring
condition before a hydrothermal treatment. The hydrothermal treatment was carried out at 373 K for
24 h. After crystallization, white precipitation was procured by a filtration. The filtered powder was
washed by boiling water and dried at 383 K overnight. Finally, silicalite-1 seed crystal was obtained.
Organic structure-directing agents (OSDA) were removed in the seed crystal by calcination at 773 K for
8 h prior to preparing seed slurry. The calcined crystal was dispersed in an appropriate amount of
distilled water to form the slurry. A solid content in the slurry was adjusted at 5.0 g L−1.

Seeded support was prepared by a dip-coating method using the seed slurry. Seed crystal was
loaded on an outer surface of tubular α-alumina support (i.d. = 7.0 mm, o.d. = 10 mm, average pore
size = 150 nm, NORITAKE Ltd., Nagoya, Japan). Both ends of tubular support were plugged with
polytetrafluoroethylene caps to avoid penetration of the slurry. Support was dipped in the slurry for
1 min, withdrawn vertically at ca. 3 cm s−1, and then dried at 343 K over 40 min. This process was run
twice. The dip-coated support was calcined at 773 K for 2 h to bind seed crystals on a support surface
during secondary growth. Finally, seeded support was obtained.

2.2. Membrane Preparation

Silicalite-1 membranes were prepared on an outer surface of tubular support by a secondary
growth method as follows.

The seeded tubular support calcined was placed vertically in a PTFE-lined stainless-steel
autoclave with a synthesis solution. The synthesis solution had the molar composition of
25SiO2:1.5(TPA)2O:1650H2O:200EtOH and was prepared by mixing TEOS, TPAOH, distilled water,
and ethanol (99.5 wt.%, Kanto Chemical Co.). TEOS was slowly added into a mixture of the other
chemicals as in the case of seed crystal preparation. This solution was aged under the stirring condition
at 333 K for 4 h prior to use. The autoclave was closed and placed in a preheated oven for hydrothermal
crystallization at 373 K. Crystallization periods were changed from 6 to 336 h (6, 24, 72, 120, 168, 252,
and 336 h) to investigate a membrane formation process. After crystallization, the membranes were
washed with boiling water and dried at 383 K overnight. The silicalite-1 membrane was calcined at
773 K for 8 h to remove OSDA before use in separation tests and characterizations.

2.3. Microscopic Observations

Membrane shape, thickness, and orientation were observed by using field emission scanning
electron microscopy (FE-SEM, S-4800, Hitachi, Japan) and X-ray diffraction (XRD) measurement
(Ultima IV, Rigaku, Japan).

Zeolite membranes were also observed using transmission electron microscopes (TEM). TEM
samples were prepared by the ion milling method with Ar ions. The observations were performed
using a JEOL JEM-2010 microscope at an accelerating voltage of 200 kV. Low dose irradiation conditions
were necessary to avoid damage to the zeolite structure.

2.4. N2 Adsorption Measurement

Micropore volume was evaluated by non-destructive N2 adsorption measurement.
The measurement was performed by using BELSORP-max (MicrotracBEL Corp., Osak, Japan) with
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a special sample holder which enables us to insert a whole membrane without destruction [23].
The samples were outgassed at 623 K for 8 h under vacuum conditions prior to the adsorption test.
Adsorption measurements were carried out at 77 K.

2.5. Nano-Permporometry Test

Nano-permporometry was performed by using Porometer nano-6 (MicrotracBEL Corp., Osak,
Japan ). Permeate flow rate of inert gas through the membrane was measured while the relative
pressure of vapor was increased in a step-wise manner. In this process, pores in the membrane were
plugged by condensation of vapor in the order of pore size from smallest to largest, and then permeate
flow rate of inert gas decreased. Pore size distribution could be calculated by a relationship between
the relative pressure of vapor and flow rate.

Thermal treatment at 573 K for 2 h was taken place to remove any adsorbed molecules before
the nano-permporometry test. The nano-permporometry test was carried out at 333 K with relative
pressure of vapor from 0 to 0.2. In the measurement, helium and n-hexane were used for inert gas and
condensable vapor, respectively.

2.6. Permeation Test

Permeation test was carried out in vapor permeation mode. Hydrocarbon mixture was pumped
into pre-heater to vaporize and the vapor was fed to the outer surface of tubular support. The
membrane temperature was controlled by using a heating jacket. Permeate side was swept with
amounts of flowing gas, argon. Both the feed and permeate sides were kept at atmospheric pressure.
Permeate flow rate was determined by gas chromatography (GC-8A, Shimadzu, Tokyo, Japan) using
internal standard gas, methane.

Flux, J and permeance, Π was calculated using the following Equations (1) and (2):

J (mol m−2 s−1) = u A−1 (1)

Π (mol m−2 s−1 Pa−1) = J ∆p−1 (2)

where u is the flow rate (mol s−1), A is the membrane area (m2) and ∆p is the partial pressure difference
between the feed and permeate sides (Pa). The separation factor α was calculated from the following
Equation (3):

αA/B = (YA / YB) / (XA / XB) (3)

where XA and XB are mol fraction of component A and B in the feed. YA and YB are mol fraction of
component A and B in permeate, respectively.

3. Results and Discussion

3.1. Microscopic Observation of Membrane Formation

Microscopic analysis by using FE-SEM was adopted to observe the change in the appearance of
silicalite-1 membranes during secondary growth. Figures 1 and 2 show typical FE-SEM images of
seeded support and silicalite-1 membranes with different crystallization periods. Solid and dashed
lines in Figure 2 are guides for the eye, and they show the seed crystal layer and columnar crystal layer
appeared in the secondary growth step, respectively.

Spherical seeds with a diameter of ca. 300 nm orderly covered an outer surface of porous support
with several layers as shown in Figure 1a. Judging from the cross-sectional view in Figure 2a, the
thickness of the seed layer was about 2 µm. On the other hand, seed crystals were hardly observed
inside of the support. Distribution of particle size in the slurry used for dip-coating was measured by a
dynamic light scattering (DLS) method (ELSZ-1000ZS, Otsuka Electronics, Kyoto, Japan). The particle
size had a narrow distribution from 200 to 500 nm (see Figure S1 in Supplementary materials). It is
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noted that the particle size in the slurry was larger than the average pore size of 150 nm in the support,
resulting in that seed crystals hardly entered through the pore of support. In addition, the particle size
in a slurry measured by the DLS was almost the same as the crystal size observed in FE-SEM images,
suggesting that seed crystal was well dispersed in the seed slurry. For these reasons, seed crystals
would be uniformly supported only on an outer surface by a dip-coating method.

–

μm

 

–

Figure 1. Typical FE-SEM images of surface of (a) a seeded support and silicalite-1 membranes
crystallized for (b) 72, (c) 120, (d) 168, (e) 252, and (f) 336 h.

–

μm

 

–

Figure 2. Typical FE-SEM images of cross-section of (a) a seeded support and silicalite-1 membranes
crystallized for (b) 72, (c) 120, (d) 168, (e) 252, and (f) 336 h.

The growth of outermost crystals from the seed layer was followed from the top-view images
shown in Figure 1b–f. In the early stage of a secondary growth step up to 72 h, the shape of the crystal
was little increased around 500 nm and the facet of crystal became to be observed. The size of surface
crystal increased and the number of the visible crystals decreased with prolonging the secondary
growth period. After 336 h crystallization, the size of the surface crystal finally reached around 2 µm
which is an order of magnitude larger than that of the seed crystal. In addition, defects among crystals
were hardly observed judging from FE-SEM images after 120 h crystallization.

The formation of the columnar growth layer was clearly observed from cross-sectional views
shown in Figure 2b–f. Although crystal size and shape changed in the top-view image of the membrane
crystallized for 72 h, the growth layer was yet to be observed from a cross-sectional view. After 120 h
crystallization, crystal growth progressed from the outermost crystals on the seed layer. For membranes
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crystallized for 120 h and more, the thickness of the columnar growth layer increased with an increasing
crystallization period. The thickness of the columnar growth layer increased almost linearly, and then
these values of membranes crystallized for 120, 168, 252, and 336 h were approximately 2.5, 4.0, 6.0,
and 7.5 µm, respectively. In contrast, nucleation and crystal growth hardly observed toward the inside
of a support. Loading of seed crystal only an outer surface and relatively mild conditions of secondary
growth could contribute to inhibition of nucleation inside a support.

The silicalite-1 membranes shown in Figures 1 and 2 were prepared by using calcined seeded
support. Here, we discuss the effect of calcination after dip-coating on the secondary growth process.
Seeded support without calcination after dip-coating was immersed into a synthesis solution for 10 min,
and then the surface was observed by FE-SEM (see Figure S2 in Supplementary materials). As a result,
the seed crystal layer was partially peeled and a bare support surface was observed. In contrast, a
bare surface was not observed on calcined seeded support as shown in Figure 1a, indicating that the
calcination for seeded support would contribute to inhibit peeling the seed layer in hydrothermal
treatment as a previous report by Pan and Lin [24].

3.2. Changes of Crystallinity and Orientation

Change of zeolite pore volume which was an index of crystallinity was measured by
non-destructive N2 adsorption. Zeolite pore volumes in silicalite-1 membranes were calculated
as follows. The Amount of N2 adsorbed at p ps−1 = 1 × 10−4 was adopted as a saturated adsorbed
amount for zeolite pore because this amount meant saturated adsorbed amount for a cylindrical pore
with diameter 0.55 nm which was almost the same as the pore size of MFI-type zeolite in Saito-Foley
model [25,26].

Figure 3a shows adsorption isotherms on silicalite-1 seed crystal and membranes. Figure 3b
shows the calculated zeolite pore volumes from the isotherms in each sample. In Figure 3b, a plot
at the crystallization period of 0 and dashed line show the zeolite pore volumes of the seed crystal.
At first, seed crystals had 0.118 cm3 g−1 zeolite pore volume before crystallization. With the onset of
crystallization, zeolite pore volumes in a membrane declined about 30% in the early stage. For example,
the volume was 0.081 cm3 g−1 in 72 h crystallized membrane. This would be caused by the partial
dissolution of seed crystals and the generation of amorphous and crystals having low crystallinity. In
contrast, zeolite pore volumes swelled in the later stage. The volume in the membrane crystallized for
168 and 336 h were 0.107 and 0.124 cm3 g−1. As a result, the volume overtook that of seed crystal with
prolonging the crystallization period. It indicated that most of the generated materials in the later stage
had high crystallinity, in other words, the whole of a membrane consisted of well-crystallized silicalite-1.

μm

− −

−

−

−

 

▽   △ ◇

Figure 3. Results of non-destructive N2 adsorption test: (a) isotherm and (b) zeolite pore volume
change. ▽, Seed crystal; membranes crystallized for O, 24; �, 72; △, 168; 3, 336 h.
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Figure 4 shows XRD patterns of seeded support and silicalite-1 membranes and Figure 5 shows
membrane weight and thickness of the columnar crystal layer as a function of the crystallization period.
The intensity of each peak was almost constant until 72 h crystallization as shown in Figure 4. At a later
stage in the secondary growth step, the intensity increased with the prolonging crystallization period.
This result is consistent with the pore volume change in the N2 adsorption test and the observation
by FE-SEM. On the other hand, weight gain was observed from the early phase in the crystallization
period as shown in Figure 5. These results strongly suggest that amorphous and crystal having
low crystallinity generated up to 72 h crystallization, resulting in that pore volume per unit weight
decreased in early times.


◇

s attributable to “evolutionally selection” as in the case of (001)

Figure 4. XRD patterns of (a) a seeded support and silicalite-1 membranes crystallized for (b) 24, (c) 72,
(d) 120, (e) 168, (f) 252, and (g) 336 h.

 


◇

s attributable to “evolutionally selection” as in the case of (001)

Figure 5. Membrane weight and thickness as a function of the crystallization period. O, membrane
weight; 3, the thickness of the grown crystal layer.

Here, we discuss the orientation of the silicalite-1 membrane obtained from XRD results and
selected area diffraction patterns by using TEM. Judging from the XRD results, the intensity ratio
of (101) to (020) increased as the growth of the columnar crystal layer. The ratio of (101) to (020) in
membranes crystallized for 72, 168 and 336 h were 1.0, 2.0, and 6.5, respectively. In addition, electron
diffraction patterns derived from (202), (002), and (200) were observed as shown in Figure 6, meaning
that the surface of the layer consisted of (h0l) plane. We deduce that the appearance of (h0l)-orientation
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is attributable to “evolutionally selection” as in the case of (001)-oriented MOR-type zeolite membrane
preparation by a secondary growth method [27].

 

n orientation by “evolutionally selection” appears as follows. 

“ ”

(α

− − − −

Figure 6. TEM image and electron diffraction pattern of silicalite-1 membranes crystallized for 336 h.

An orientation by “evolutionally selection” appears as follows. Anisotropic crystal generally
has a different growth rate along each axis. At the early stage of secondary growth, seeds can freely
grow in all directions because the seed layer had no distinct orientation. When the axis of the highest
growth rate in a crystal lies on a support, the crystal collides against a lateral side of another crystal
and its crystal growth stops. Finally, crystals which have the axis of highest growth rate perpendicular
to support are selected and continue to grow in “evolutionally selection” mode. In that case, many
crystals are embedded under the growing layer and the number of outermost crystals decreased by the
selection as shown in Figures 1 and 2. A schematic diagram of evolutional selection was drawn in
Figure S3 in Supplementary materials.

3.3. Molecular Sieving Properties and Defect Amount

Separation test for an equimolar mixture (50:50 kPa) of n-hexane (n-Hex) and 2,2-dimethylbutane
(DMB) was carried out at 573 K in vapor permeation mode for silicalite-1 membranes with different
crystallization period. The separation factor of n-Hex/DMB (αn-Hex/DBM) was a kind of index for the
molecular sieving property of the silicalite-1 membrane. DMB has a kinetic diameter of 0.63 nm
which is close to the pore size of silicalite-1 [28]. Its diffusivity in micropore of silicalite-1 is three
orders of magnitude smaller than that of n-Hex with a kinetic diameter of 0.43 nm [29]. In other
words, the defect-less silicalite-1 membrane exhibits superior n-Hex selectivity based on the molecular
sieving effect.

Figure 7 shows the results of separation tests for n-Hex and DMB mixture. Permeation and
separation performance drastically changed by the crystallization period. Although n-Hex permeance
was almost constant, DMB permeance changed by orders of magnitude. DMB permeance decreased
with an increasing crystallization period up to 168 h. The permeance were 45.8, 0.466, and 0.169 ×
10−9 mol m−2 s−1 Pa−1 through membranes crystallized for 72, 120, and 168 h, respectively. On the
other hand, DMB permeance increased through membrane crystallized for 252 h and more. As a result,
DMB permeance had a minimum value at a crystallization period of 168 h, and then the separation
factor had the maximum value of 781 at that time.
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Figure 7. Permeances of C6 hydrocarbons through silicalite-1 membranes with different crystallization
period. O, n-hexane; 3, 2,2-dimethylbutane; △, separation factor.

To investigate the reason for the difference in separation ability, the number of defects in
each silicalite-1 membrane was evaluated by using nano-permporometry. Kelvin equation shown
in Equation (4) was used to estimate pore size in prepared membranes from the results of the
nano-permporometry test.

DK = −4 ν σ cosθ (R T ln(p ps−1))−1 (4)

where, DK, ν, σ, θ, R, T and p ps−1 represent Kelvin diameter [m], molar volume [m3 mol−1], surface
tension [kg s−2], contact angle [◦], gas constant [m2 kg s−2 K−1 mol−1], temperature [K] and relative
pressure of condensable vapor [-], respectively. Here we assumed that the contact angle θ is 0◦.
Although the Kelvin equation cannot be adapted to micropore theoretically, good agreement of the
equation in micropore was previously reported [30]. When p ps−1 is 0.7 × 10−3, kelvin diameter derived
from Equation (4) shows 0.55 nm which is almost the same as the pore size of silicalite-1. Therefore,
helium permeation through defect-free membrane should be completely blocked by condense of vapor
in micropore above p ps−1 of 0.7 × 10−3.

Figure 8 shows the results of nano-permporometry tests for membranes with different
crystallization period. The dashed line shows a quantification limit of helium permeance at
1.0 × 10−9 mol m−2 s−1 Pa−1. Helium permeance was almost constant through a membrane crystallized
for 24 h despite the concentration of condensable vapor, suggesting that many defects among
crystals remained after the secondary growth. Similarly, many defects still remained even after 72 h
crystallization. Because of such insufficient crystal growth, the membrane prepared with a shorter
crystallization period showed quite a low separation performance in the separation test.

On the other hand, helium permeance decreased above p ps−1 of 4.0 × 10−3 through membranes
crystallized over 120 h which exhibited good molecular sieving properties as shown in Figure 7.
The decrease of helium permeance means that very few defects among crystals remained in
these membranes.

Here we defined a ratio of the non-zeolitic pathway to all pathways for quantitative discussion
about the effect of the non-zeolitic pathway on molecular sieving ability. The ratio of the non-zeolitic
pathway was calculated as dividing helium permeance at p ps−1 of 0.2 by the permeance at p ps−1

of 0 according to a previous report by Hedlund et al. [6]. Helium permeance at p ps−1 of 0 means
the permeance through all pathways. Besides, helium permeance at p ps−1 of 0.2 means through
non-zeolitic pathway having more than ca. 2 nm of diameter determined based on the Kelvin equation.
Therefore, the ratio of the non-zeolitic pathway was larger than 2 nm to all pathways can be evaluated.
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Figure 8. Results of nano-permporometry tests for silicalite-1 membranes with different crystallization
period. O, Support; membrane crystallized for 3, 24; △, 72; �, 120; ▽, 168; ⊳, 252; ⊲, 336 h.

A relationship between the calculated ratio of non-zeolitic pathway and separation factor,
αn-Hex/DMB was shown in Figure 9. The ratio drastically decreased from 0.27 to 2.7 × 10−3 between
the crystallization period of 72 and 120 h, suggesting that most of the defects among crystals were
occluded in this term. This ratio had a minimum (<2.0 × 10−3) in the membrane crystallized for 168
h. After that, the ratio increased with increasing crystallization period up to 336 h; the ratios are
2.8 × 10−3 and 1.4 × 10−2 in membranes crystallized for 252 and 336 h, respectively. It suggests that
defects are newly generated in these membranes for any reason which is discussed in the following
section. At any rate, a relationship between the ratio of non-zeolitic pathway and separation factor,
αn-Hex/DMB clearly showed that separation ability of silicalite-1 membrane by molecular sieving effect
was dominated by the amount of non-zeolitic pathway in a membrane. It is noteworthy that only 1%
of the non-zeolitic pathway well spoiled a molecular sieving property of the silicalite-1 membrane.

 

    

–

− − − −

− − − − α α

–

Figure 9. Relationships between the ratio of non-zeolitic pathway and selectivity of hydrocarbon.
Membranes were crystallized for △, 72; �, 120; ▽, 168; ⊳, 252; ⊲, 336 h.

We shed light on the reason for defects appearance in membranes crystallized over 252 h.
Nano-permporometry tests were also performed for these membranes before calcination, and then
amounts of non-zeolitic pathways were compared between before and after calcination. As a result,
helium hardly penetrated through both 252 and 336 h crystallized membranes before calcination,
suggesting that these membranes had very few non-zeolitic pathways. The result showed that crack
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must be formed in these membranes in the calcination step. There are many reports about crack
formation in zeolite membranes in the calcination step to remove OSDA described in the introduction
section [15–18]. The thicker membrane would have larger stress by thermal expansion of support
and volume change of crystals, resulting in that crack formed in membranes prepared with longer
crystallization period.

3.4. Xylene Isomer Separation

Finally, the separation test of xylene isomer mixture was performed for the silicalite-1 membrane
crystallized for 168 h. o-, m-, p-Xylene equimolar mixture (0.4:0.4:0.4 kPa) was fed to the membrane
with dilution gas, Argon. The membrane temperature was adjusted at 373 K.

Table 1 listed the results of xylene isomer separation tests. Our silicalite-1 membrane showed
p-xylene permeance of 6.52 × 10−8 mol m−2 s−1 Pa−1 with o- and m-xylene permeances below
quantification limit of 6.0× 10−10 mol m−2 s−1 Pa−1, resulting in that separation factors, αp/o and αp/m of
above 100. The (h0l)-oriented silicalite-1 membrane prepared by a simple secondary growth method
exhibited good permeation and separation performance compared with MFI-type zeolite membranes
previously reported as shown in Table 1 [6,8–11,20,21].

Prepared (h0l)-oriented membrane exhibited relatively high permeation performance despite the
large membrane thickness of ca. 6 µm including the seed layer as shown in Figure 2b. The reason for
high permeation performance was discussed from the microstructure of the obtained membrane as
shown in Figure 10. As a result of microscopic analysis, many defects among crystals remained in the
seed layer after 168 h crystallization. In addition, many grain boundaries existed inside of columnar
crystal layer along the direction as molecular permeation. However, the membrane crystallized for
168 h exhibited superior separation performance based on a molecular sieving effect, suggesting that
the grain boundaries would not penetrate through the membrane. From the enlarged view of grain
boundary near-surface, as shown in Figure 10b, the grain boundary between two crystals was plugged
with a thin amorphous layer. From these results, we conclude that only a very thin part in the vicinity
of the surface is compact without defects and plays as an effective separation layer. The thin effective
layer less than 1 µm can contribute to high permeation performance. The deduced model of a formation
process of the silicalite-1 membrane is shown in Figure 11.

μm

μm

 

to “evolutionally selection”.

Figure 10. TEM images of a cross-section of a silicalite-1 membrane crystallized for 168 h. (a) Wide
view, (b) grain boundary near-surface (an area divided blue square), and (c) interface between seed
and columnar crystal layer. Arrowheads in (c) show defects among seed crystals and grain boundaries
between columnar crystals.
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Table 1. Comparison of permeation and separation performance of the MFI-type zeolite membrane for xylene isomers.

Support Membrane
Feed Pressure/kPa Temperature/K p-Xylene Permeance

Ref.
p-Xylene o-Xylene m-Xylene /10−8 mol m−2 s−1 Pa−1 αp/o αp/m

α-Alumina Disc Ultra-Thin MFI 0.27 0.59 − 373 60 3.2 − [6]
Stainless steel tube Ba-ZSM-5 0.23 0.26 0.83 423 7.0 13.5 8.2 [8]
Stainless steel tube Ba-ZSM-5 0.23 0.26 0.83 673 5.4 8.4 6.2 [8]
α-Alumina disc b-Oriented siliceous ZSM-5 0.45 0.35 − 373 20 600 − [9]
α-Alumina disc b-Oriented siliceous ZSM-5 0.50 0.45 − 373 25 60 − [10]
α-Alumina tube Composite MFI-alumina tube 0.63 0.32 0.27 473 1.1 >400 − [11]

Sintered silica fibre b-Oriented MFI nanosheet 0.30 0.31 − 323 0.85 32.3 − [19]
Sintered silica fibre b-Oriented MFI nanosheet 0.37 0.35 − 423 55.5 1989 − [19]
Sintered silica fibre b-Oriented MFI nanosheet 0.50 0.50 − 373 2.5 ca. 3500 − [20]
Sintered silica fibre b-Oriented MFI nanosheet 0.50 0.50 − 423 29 ca. 8000 − [20]
α-Alumina tube (h0l)-Oriented silcialite-1 0.40 0.40 0.40 373 6.5 >100 >100 This work
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to “evolutionally selection”.

Figure 11. Model of the silicalite-1 membrane formation process.

4. Conclusions

The silicalite-1 tubular membrane was prepared by a simple secondary growth method and its
formation process was discussed.

Uniformly ordered seed crystals and relatively mild conditions of secondary growth could
contribute to forming a columnar growth layer on the outermost crystal of the seed layer. In addition,
the columnar growth layer showed (h0l)-orientation, possibly because the orientation is attributable to
“evolutionally selection”.

Change of defect amount and separation performance during secondary growth were investigated
by using nano-permporometry and hydrocarbon separation tests. Most of the defects among crystals
were occluded between crystallization periods of 72 to 168 h. Separation performance was spoiled
in membranes crystallized over 252 h by the crack formation in the calcination step to remove
OSDA, suggesting that thicker membranes would have larger stress by thermal treatment. As a
result, the membrane crystallized for 168 h showed maximum separation factor αn-Hex/DMB of 781
for the equimolar mixture of n-hexane and 2,2-dimethylbutane by molecular sieving effect. From a
microscopic analysis, it was suggested that a very thin part in the vicinity of the surface was an effective
separation layer.

Separation performance from xylene isomer mixture (o-/m-/p-xylene = 0.4/0.4/0.4 kPa) through
the silicalite-1 membrane was evaluated. p-Xylene permeance through the membrane was 6.52 ×
10−8 mol m−2 s−1 Pa−1 with separation factors αp/o, αp/m of more than 100 at 373 K. Our (h0l)-oriented
silicalite-1 membrane prepared by a simple secondary growth method exhibited good permeation
and separation performance for xylene isomer mixture compared with MFI-type zeolite membranes
previously reported.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/10/949/s1,
Figure S1: Particle size distribution in seed slurry for dip-coating. Figure S2: Typical FE-SEM images of the
surface of seeded supports immersed into synthesis solution without calcination after dip-coating: (a) wide and (b)
enlarged view. Figure S3: A schematic diagram of evolutional selection. Figure S4: Results of nano-permporometry
tests for silicalite-1 membranes crystallized for O 252; �, 336 h before calcination.
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Abstract: Worldwide disposal of multi-tonnage solid waste from coal-burning thermal power plants
(TPPs) creates serious environmental and economic problems, which necessitate the recovery of
industrial waste in large quantities and at commercial prices. Fly ashes (FAs) and slag from seven
Bulgarian TPPs have been successfully converted into valuable zeolite-like composites with various
applications, including as adsorbents for capturing CO2 from gases and for removal of contaminants
from water. The starting materials generated from different types of coal are characterized by
a wide range of SiO2/Al2O3 ratio, heterogeneous structure and a complex chemical composition.
The applied synthesis procedure resembles the formation of natural zeolites, as the raw FAs undergo
long-term self-crystallization in an alkaline aqueous solution at ambient temperature. The phase and
chemical composition, morphology and N2 adsorption of the final zeolite products were studied
by scanning electron microscopy (SEM), energy-dispersive X-ray (EDX), X-Ray Diffraction (XRD)
and Brunauer–Emmett–Teller (BET) analyses. The growth of faujasite (FAU) crystals as the main
zeolite phase was established in all samples after 7 and 14 months of alkaline treatment. Phillipsite
(PHI) crystals were also observed in several samples as an accompanying phase. The final products
possess specific surface area over 400 m2/g. The relationships between the surface properties of the
investigated samples and the characteristics of the raw FAs were discussed. All of the obtained
zeolite-like composites were able to remove the highly toxic dye (malachite green, MG) from water
solutions with efficiency over 96%. The experimental data were fitted with high correlation to the
second-order kinetics.

Keywords: waste management; fly ash zeolites; faujasite; wastewater remediation

1. Introduction

In the recent years, one of the most current topics is related to the deteriorating quality of the
environment, especially the purity of the atmospheric air and water basins. Their pollution is mainly
due to anthropogenic factors and the intensive development of various industries. An illustrative
example for this impact is the continuous increase in electricity consumption by both industry and
households, and the necessity for greater energy production from power plants. According to the
annual report of the International Energy Agency in 2018, the world gross electricity production was
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3.9% higher than in 2017 [1]. Coal-fired thermal power plants (TPPs) still possess the largest share of the
electricity market, 38% in 2018. At the same time, coal combustion is the main contributor to the green
house emission into the atmosphere and to the production of huge amounts of solid waste classified as
hazardous in some countries [2,3]. The main challenge facing the industry today is to meet energy
needs without having a negative impact on the environment. It could be expected that the future of
the energy sector will be based on the combination of variety of energy sources with a key role of the
traditional technologies, such as fossil fuel burning or nuclear fission, but at stricter environmental
requirements [4]. In recent decades, the capture of carbon dioxide (CO2) in TPPs has been intensively
studied. At the beginning, the concept for liquefaction of CO2 and its further deposition in deep
geological formation have been widely explored, referred to as carbon capture and storage (CCS).
Lately, this approach was displaced by carbon capture and utilization (CCU), in which the captured
CO2 is utilized in commercial products [5,6]. The CCS concept was gradually displaced by CCUS,
which is carbon capture utilization and storage [7]. It could be expected that CCUS technologies will
be commercialized soon and the requirements of the Paris Agreement to reduce CO2 emissions will be
met in time for TPPs [8]. However, this does not apply to solid waste from the combustion of coal,
which is produced as a by-product of the burning process. This residual consists of the mineral part
from the fuel, which is incombustible. It could be obtained as slag or fly ash (FA) depending on the
boiler design. Coal ash consists mainly of SiO2, Al2O3, Fe2O3, CaO, Na2O and traces of other oxides.
According to the World Wide Coal Combustion Products Network (WWCCCPN), the global annual
ash production for 2016 is 1221.9 Mt and almost a half is further utilized [9].

The most common approach for utilization of coal ash on an industrial scale is for production of
constructional materials and cement. Based on their composition, FAs are classified in two classes
C and F (50 wt. % < SiO2 + Al2O3 + Fe2O3 < 70 wt. % for class C and SiO2 + Al2O3 + Fe2O3 >

70 wt. % for class F) according to the ASTM C618. Class C fly ash can be used as a porland cement
replacement due to its self-cementing and pozzolanic properties. Class F fly ash contains less CaO
and higher amounts of glassy aluminosilicates and quartz, and it is used as a pozzolanic additive
with less or without cementing values [10]. The unused part of the coal combustion wastes is stored
in landfills, which leads to the destruction of agricultural land and creates a potential risk of ground
water pollution. There are much published investigations on the opportunities for FA utilization
but with limited applications on industrial scales mostly because of the cost ineffectiveness [11–13].
One promising approach for FA processing, first proposed in 1985, is the conversion of coal FA into
zeolites due to their compositional similarities [14]. The most researched approach for synthesis of
zeolites is the hydrothermal activation of FA in alkaline solution and a pilot installation for scale
production is already in operation [15,16]. The biggest challenge facing this technique is the controlled
production of a determined zeolite structure with well-defined properties, which predetermines the
practical affordability of the material. Different zeolite structures or mixtures of them can be obtained
depending on the chemical composition of the raw FA and mostly on the SiO2/Al2O3 ratio. For FA
with a SiO2/Al2O3 ratio < 1.7 at low molarity of NaOH (1–2 M) and an activation temperature in
the region of 100–140 ◦C for a wide hydrothermal period from 2 to 96 h, the dominant structure in
the synthesized material is gismondine (GIS) [17–19]. At the same molarity of the NaOH activator,
but with an increase in the temperature of 150–200 ◦C, analacime (ANA) is obtained [17]. The lower
synthesis temperature (90 ◦C) leads to the crystallization of a mixture of linde (LTA) and faujasite
(FAU) zeolite structures in the final product [20]. For raw FA with 1.7 < SiO2/Al2O3 < 2.4, the tendency
in the crystallization of zeolite structures by hydrothermal alkaline activation is the same as in the
previous case. For these FAs, increasing the NaOH molarity from 1 M to 2 M, the main GIS phase
is replaced by phillipsite (PHI). A further increase in the molarity to 3.1–12.5 always leads to the
crystallization of sodalite (SOD) [21,22]. Low quantities of LTA have been observed for these FAs
at temperatures of 80–90 ◦C [22,23]. For raw FA with SiO2/Al2O3 > 2.4, the main zeolite phases
that crystallize at high activation temperatures (140–150 ◦C) and 3–4 M of NaOH are PHI, SOD, and
chabazite (CHA) [24]. At temperature of 60 ◦C and 168 h of hydrothermal treatment, a negligible yield
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of FAU < 5 wt. % is obtained [25]. The two-stage synthesis has been developed by Shigemoto et al.
in 1992. They introduced initial high temperature treatment of the mixtures of the raw FA and NaOH
prior to the hydrothermal treatment [26–28]. In this step, soluble silica and alumina salts are produced,
which facilitates the formation of hydrogel in water solution. The hydrogel then crystallizes onto
unreacted parts of the FA particles, which act as crystallization centers. In this approach the raw FA
composition does not affect the final zeolite structure, but the synthesis conditions are of key meaning.
At high temperatures above 100 ◦C and NaOH molarity above 3, SOD is crystallized [29]. At activation
temperatures below 100 ◦C and 2.0–2.5 M NaOH, the resultant structure is LTA, while at molarity
higher than 2.5 M NaOH, the only crystalized zeolite is FAU [30,31].

FAU is a typical large pore zeolite with well-defined textural characteristics and easily accessible
framework. These peculiarities make FAU suitable material for a wide range of applications mainly
as an adsorbent, catalyst and ion exchanger. The fly ash zeolites (FAZ) of FAU type have been
broadly studied for gas purification, soil recovery, heavy metal and radioactive species uptake,
water softening, desalination and purification, including removal of dyes, microorganisms, and
various organic and inorganic compounds [32,33]. In our previous studies, zeolite FAU obtained from
lignite FA by two-stage synthesis was successfully applied as a CO2 adsorbent, catalyst for VOCs
degradation, matrix for optical sensor, Fenton-like catalyst for removal of organic contaminants from
water, adsorbent for retention of heavy metals and dyes from waste effluents [34]. The obtained
results are promising but for applications on an industrial scale the two-stage synthesis would increase
drastically the waste processing costs. The water remediation systems are intended for treatment of
large water streams, which requires large amounts of the filtration materials.

In this study, we investigate the opportunity for a controlled obtaining of FAU-structured zeolite
from raw fly ashes with a wide range of SiO2/Al2O3 ratios. The proposed synthesis approach resembles
the formation of a natural zeolite as the raw FA undergoes self-crystallization in an alkaline water
solution at ambient temperatures. Until recently, this technique was considered inappropriate due
to the long crystallization time. However, the strategy of modern production is the development of
a circular economy, which imposes the need to recover industrial waste in large quantities and at
commercial prices. An advantage of recovering coal ash by zeolitization is that long-deposited ash
can also be processed to repair already-caused environmental damages. The obtained FA zeolites
are investigated in regard to their ability to remove dyes from contaminated water. The adsorption
of malachite green (MG) is studied because of its high toxicity and presence in water used for fish
farming. It has been established that MG remained in food could cause carcinogenesis, mutagenesis,
chromosomal fractures, teratogenicity and respiratory toxicity [35].

2. Materials and Methods

2.1. Materials

The crystallization of zeolites was investigated for raw FAs sampled from seven different sources
obtained by combustion of lignite, brown, and anthracite coal in Bulgarian thermal power plants (TPPs).
Five of the raw samples are fine powders collected from the electrostatic precipitators of TPPs, one is a
solid slag sampled from bottom ash, and another one is a mixture of FA with slag. Prior to the synthesis,
the slag was screened to obtain a fraction with particle sizes smaller than 0.2 mm. Detailed analyses of
the raw materials were reported in our previous studies, where mainly amorphous aluminosilicates
and crystalline phases of quartz, gypsum, mullite, and magnetite were detected [36,37]. The chemical
composition of FAs, SiO2/Al2O3 ratios, the FA classification and the weight part of the amorphous
ingredients calculated by integral deconvolution of XRD spectra of analyzed samples (uncertainty of
±2.5%) are summarized in Table 1.

145



Crystals 2020, 10, 1064

Table 1. Chemical composition and amorphous part of fly ashes (FAs) subjected to zeolitization.

Raw
FA 1

SiO2
wt. %

Al2O3
wt. %

Fe2O3
wt. %

Na2O
wt. %

CaO
wt. %

MgO
wt. %

SO3
wt. %

K2O
wt. %

TiO2
wt. %

SiO2/Al2O3
wt. ratio

FA
Class

AP 2

wt. %

FAB 40.29 20.49 13.59 0.79 13.11 2.14 3.21 4.09 2.30 1.97 F 58
FAG 12.50 8.36 45.87 0.65 6.42 0.49 25.72 0.00 0.00 1.50 C 36
FAM 39.51 22.89 16.09 1.78 9.88 2.58 5.34 1.34 0.59 1.73 F 57
FAR 54.63 28.67 5.94 0.00 1.53 1.94 1.08 4.87 1.35 1.91 F 54

FARE 49.30 27.02 14.40 0.00 3.23 2.08 0.00 3.98 0.00 1.82 F 94
FAV 46.75 27.13 10.31 1.08 3.73 1.55 2.99 6.46 0.00 1.72 F 65
SS 39.47 17.17 20.09 1.11 10.72 1.55 5.94 3.95 0.00 2.30 F 100

1 FAB (FA from TPP “Bobovdol”, 630 MW, brown coals with high ash content); FAG (from TPP “AES Galabovo”,
670 MW, lignite coals); FAM (FA from TPP “Maritza 3”, 900 MW, lignite coals); FAR (from TPP “Republika”, 180 MW,
brown coals); FARE (FA mixed with grinded in a planetary ball mill slag from TPP “Rousse East”, 400 MW); FAV (FA
from TPP “Varna”, 1260 MW, highly calorific and low sulphur anthracite coals); SS (slag from TPP “Sviloza”,
Svishtov, 120 MW, bituminous coals). 2 AP is the amorphous part in the samples calculated by deconvolution of the
XRD spectra.

2.2. Aging Method

The self-crystallization is performed as 10 g FA was added to 150 mL 5 M NaOH (purity > 98%,
Valerus, Sofia, Bulgaria), the slurries were filled in closed reaction vessels and stayed for aging at
ambient temperature. The mixtures were stirred for homogenization over long time intervals. A small
portion of the samples was taken out from the vessels after 7 and 14 months, washed with distilled water
until pH = 8 and dried at room temperature. The synthesized samples were named with prefix Z-zeolite
before FA acronyms, followed by dash and time of the conversion. The powdered products were
subjected to various analyses in order to evaluate their structure, morphology, and surface properties.

2.3. XRD Analysis

X-ray diffractograms of the all samples were measured on a Philips PW 1050 powder diffractometer
with CuKα filtered radiation and Bragg–Brentano geometry in the diffraction angle range 2θ from
6 to 84.95◦ at a step width of 0.05◦ (2θ) for scan time of 1 s. An equal mass of powdered samples and
identical sample holders was used in all XRD measurements. The identification of all crystalline phases
was performed by the X’Pert HighScore 3.0d software (2011 PANalytical B.V., The Netherlands) and
the database of X-ray patterns collection of the International Zeolite Association.

2.4. SEM and EDX Analysis

The morphology and the integral chemical composition of the samples were studied by scanning
electron microscopy (SEM) on a JSM6390 apparatus, equipped with an Oxford Instruments EDX
analyzer (Highcombe, London, UK). The sample images were investigated in both secondary electron
imaging (SEI) and backscattered electron imaging (BEI) modes. SEI images provided by secondary
electrons originated from the surface or the near-surface regions of the samples give information for
the morphology, size and surface topography of the objects. Micrographs in BEI mode are derived by
the backscattered electrons detected out of the specimen interaction volume, which are proportional to
the atomic number of the attended chemical elements. As a result, the objects rich in heavy metals
look brightly shining on the dark background of the other particles (alumosilicates, calcites, etc.).
All energy-dispersive X-ray analyses (EDX) were performed at 20 keV. Elements with an atomic number
less than that of nitrogen are not included in the determination of the elements weight percentage
(wt. %). The average composition of the samples was estimated on the base of so-called “integral
spectra” taken at low magnification (~30×) from an area comprising several hundred to thousand
particles, scanned for at least 300 s. The elemental spectrum of single particles was determined using
“in point” analysis at substantially higher magnifications (~1000–300,000×), recorded for about 60 s.

2.5. Nitrogen Adsorption/Desorption Tests

The studies on the surface properties of all samples were performed with N2-adsorption/desorption
analysis by a volumetric gas analyzer Micromeritics TriStar 3020 (Micromeritics Instrument Corp.,
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Norcross, GA, USA), according to the ISO 9277:2010 standard [38]. The samples were pretreated at
260 ◦C for 4 h under continuous Helium flow to release moisture and atmospheric gases. The samples
were further degassed by evacuation with a rate of 0.67 kPa/s for 1 h provided by an Edwards vacuum
pump. The isotherms were built using N2 gas of analytical purity (5N) at cryogenic temperature of
77 K provided by liquid nitrogen. The adsorption/desorption tests were performed at 92 experimental
points in the pressure range p/p0 = 0.001–0.995, where p0 is the saturation pressure depending on
the ambient temperature (approximately 104 kPa). To the experimental isotherms, standardized
Brunauer–Emmett–Teller (BET), t-plot and Barrett–Joyner–Helenda (BJH) models were applied for
calculation of specific surface area (SSA, m2/g), micropore area (Smicro, m2/g), external surface area
(Sexternal, m2/g), micropore volume (Vmicro, cm3/g), mesopore volume (Vmeso, cm3/g), and average pore
width (Å). The relative pressure range of the monolayer adsorption for application of the BET model
was calculated from the extreme value of the function na.(1 − p/p0) = f(p/p0) (na is quantity of N2

adsorbed, mmol/g).

2.6. Dye Adsorption

The adsorption tests were performed in 100 mL water solution of MG (96% of purity, Valerus,
Sofia, Bulgaria) with stock concentration of 10 mL/l by immersing of 5 g fly ash zeolites obtained
after 14 months of crystallization (FAZs-14). The adsorption kinetics was studied by measuring MG
concentration by the help of UV spectrophotometer, 1200 Series, Cole Palmer Instruments Company,
East Bunker Court, IL, USA. Various kinetic models were applied to the experimental data to evaluate
the parameters of the water purification process.

3. Results and Discussions

3.1. Phase Composition of the Coal Fly Ash Zeolites

The results from XRD analyses are plotted in Figure 1, presenting the patterns of the raw FAs,
synthesized products after 7 and 14 months, and referent zeolite FAU for comparison. The most
intensive reflexes of FAU could be found in all FAZs, and at 2θ ≈ 26.6◦ the zeolite peak overlaps with
that of the quartz transferred into the products from the raw FA. Thus, the presence of unreacted quartz
could not be confirmed unambiguously by XRD analysis, but it could be assumed when expansion or
splitting of the peak characteristic of both phases is observed. Only at XRD patterns of FAZs obtained
from completely amorphous raw fly ashes, such as SS and FARE, it can be considered undoubtedly
that the intensive peak at this angle belongs to FAU. For samples of the all series, the longer synthesis
time leads to a slight increase in the intensity of the reflexes. At the zeolite obtained from FAB after
14 months of alkaline aging, a mixture of zeolite structures is observed, as, in addition to FAU reflexes,
two intensive peaks of PHI are identified on its patterns. A single PHI reflex is also appeared at the
XRD spectra of the samples synthesized from FAR and FAV. On their XRD patterns, a shoulder at the
base of the peak assigned to FAU could be also seen, which is indicative for incomplete assimilation
of the quartz in the zeolitization process. For the samples aged 14 months, the shoulder is more
pronounced as compared to FAZs obtained under shorter time of incubation. This indicates that, due to
its thermodynamic instability, FAU begins to recrystallize after prolonged incubation in the reaction
mixture. Considering that the same amounts of all samples are subjected of XRD analysis, it could be
supposed that maximum yield of zeolite FAU is obtained at FAZs from the series FAR, FARE, and FAV
because their patterns are characterized by the largest total areas described by FAU peaks.

3.2. Morphological Study of Coal Fly Ash Zeolites

More detailed studies on the crystallization of zeolites from FA were achieved by performing the
morphological SEM analysis of the obtained samples. The results for the samples originated from FAB,
FAG, and FAM are shown in Figure 2, while for those from FAR, FARE, FAV, and SS are presented in
Figure 3. The SEM images of ZFAB-7 (zeolite from FAB obtained after 7 months of exposure) show the
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presence of single FAU crystals with average diameter of 3.5 µm and agglomerates of smaller FAU
particles (1 µm). On the second image of the same sample, crystals with prismatic morphology typical
for zeolite PHI are also observed. The longer synthesis time leads to intensive growth of PHI crystals
which corresponds to an increase in the intensity of the peaks of this zeolite phase on the XRD pattern
of the sample ZFAB-14.

 

 

Figure 1. X-ray diffraction patterns of raw fly ashes and synthesized samples after 7 months (red
spectra) and 14 months (blue spectra) of quasi-natural crystallization.
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Figure 2. Scanning electron microscopy (SEM) images of fly ash zeolites obtained from FAB, FAG, and
FAM after 7 and 14 months of crystallization.

On the SEM images of the materials synthesized from FAG, typical FAU crystals could also be
identified but in a strong morphological disorder. The first image of ZFAG-7 shows the crystallization
of new structures onto particles of irregular shape probably remnants of unreacted fly ash. The images
with higher magnification indicate the presence of disordered FAU crystals with sizes ranging from 0.1
to 1.5 µm. Prolongation of the reaction time does not lead to a substantial change in the morphology
of the sample (ZFAG-14). The morphology analyses of samples derived from FAM show intensive
crystallization of FAU, as submicron individual crystals were obtained after 7 months of reaction, as it
is revealed by the SEM image of ZFAM-7. The doubling of the reaction time leads to an increase in
the diameters of the individual crystals, and to their agglomeration, as it is observed in the images
of ZFAM-14.

The SEM images of the ZFAR-7 sample correspond very well to the XRD data, as the simultaneous
presence of FAU and PHI crystals is observed at a shorter synthesis time. The crystallization of zeolite
structures occurs over unreacted FA particles, which act as crystallization centers and this could be
observed in the SEM micrograph of ZFAR-14. Unlike previous samples, SEM analyses of the FARE
series indicate FAU crystallization from FA with homogeneous distribution of the individual crystals
by their size. Similar morphology with respect to the crystalline shape is observed for the sample
obtained from FAV after 7 months of synthesis, but the size of the individual particles is almost twice
lower. The SEM image of ZFAV-14 confirms the observation on the XRD pattern of the same sample,
as prismatic crystals of PHI grow among the FAU structure. At the sample ZFAB-7, the crystallization
of PHI is related to the XRD peak at 2θ ≈ 20.9, while at ZFAB-14 the growth of PHI crystals is associated
to the intensive peak at 2θ ≈ 27.6, which is the most pronounced reflex for the pure phase. At the

149



Crystals 2020, 10, 1064

series of samples obtained from SS, the presence mainly of the FAU structure is also confirmed, as for a
shorter time of 7 months the crystals are well-shaped with sizes of 5–7 µm. However, the prolongation
of the reaction leads to agglomeration and to obtaining of dense aggregates of particles.

 

 

 

  

ϴ ≈ϴ ≈
μ

Figure 3. SEM images of fly ash zeolites obtained by FAR, FARE, FAV and SS after 7 and 14 months
of crystallization.

3.3. Surface Properties of Coal Fly Ash Zeolites

The isotherms of N2-adsorption/desorption for the raw FAs and FAZs of different raw materials
converted for 7 and 14 months are plotted in Figure 4. The raw FAs are characterized by weak N2

adsorption and isotherms of Type III corresponding to non-porous materials, as it is demonstrated for
FAR and FAM (Figure 4). The isotherms of all FAZs refer to Type IV according to the International Union
of Pure and Applied Chemistry (IUPAC) classification, and their shape is typical for porous solids
with mixed micro-mesoporosity. At all plots, fast adsorption at low pressure range p/p0 = 0.001–0.05
is observed due to the micropores filling and monolayer formation. The part of the isotherms at
p/p0 = 0.05–0.85 corresponds to the multilayer adsorption of molecules and the filling of mesopores.
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The different slope of this region determines the share of mesopores into the structure. The region of the
adsorption isotherms at p/p0 = 0.85–0.99 represents the filling in macropores or gas adsorption in the
inter-particles free volume of the powdered material. The desorption branches go above the adsorption
isotherms, describing hysteresis loops which are closed at p/p0 = 0.45 for all samples. The type of
all hysteresis loops is H3, which corresponds to parallel plate-shaped pores with different widths,
depending on the hysteresis area [39]. The most intensive monolayer filling is observed for samples
from series FAV and FARE, as the quantity of the adsorbed gas reaches 4.3 mmol/g at p/p0 = 0.025,
and their specific surface area is expected to be the highest. The sample ZFAV-14 possesses higher
adsorption in the low pressure region as compared to ZFAV-7, which could be explained by the higher
yield of zeolite FAU after a longer time of synthesis. The other sample sets follow the same trend with
some exceptions, mostly for the ZSS series. ZSS-14 obtained after 14 months of crystallization has
weak adsorption, which is not typical for zeolite FAU. This could be explained by the degradation of
the crystallized FAU after its longer incubation into the alkaline solution. Zeolite FAU is obtained as
a metastable phase and, upon prolonged alkaline treatment, it recrystallizes to a more stable zeolite
phase, but with a lower surface area. Similar observations have been made in our previous studies
on self-crystallization of FA investigating the influence of the reaction mixture alkalinity on the final
product [11]. The raw fly ash SS is highly amorphous, which predetermines faster kinetics of its
alkaline conversion. Most likely, the crystallization of FAU from SS has reached the maximum rate
at a shorter reaction time and further incubation of the product in the alkaline solution is led to the
destruction of FAU.

The data from N2 isotherms of FAZs are processed by different mathematical models to calculate
their surface characteristics. The determined surface properties of FAZs are listed in Table 2.

Table 2. Surface properties of FAZs calculated by the N2-adsorption/desorption experimental isotherms.

Sample
SSA
m2/g

Smicro
m2/g

Sexternal
m2/g

Vmicro
cm3/g

Vmeso
cm3/g

Vtotal
cm3/g

Wpores

Å
Mshare

%

ZFAB-7 296 210 86 0.0834 0.1755 0.2589 65.55 32
ZFAB-14 282 201 81 0.0801 0.1607 0.2407 64.60 33
ZFAG-7 123 37 86 0.0154 0.1275 0.1429 50.47 11

ZFAG-14 139 43 96 0.0176 0.1241 0.1417 46.25 12
ZFAM-7 224 140 84 0.0568 0.1862 0.2430 63.65 23
ZFAM-14 210 133 77 0.0539 0.1669 0.2209 61.41 24
ZFAR-7 238 174 64 0.0684 0.1338 0.2022 68.46 34

ZFAR-14 248 182 66 0.0717 0.1264 0.1981 63.48 36
ZFARE-7 404 357 47 0.1344 0.0742 0.2086 48.51 64
ZFARE-14 389 339 50 0.1279 0.0867 0.2147 51.97 60
ZFAV-7 341 275 66 0.1050 0.1196 0.2247 65.14 47

ZFAV-14 387 319 68 0.1222 0.1190 0.2412 62.22 51
ZSS-7 169 131 38 0.0502 0.0687 0.1189 67.68 42

ZSS-14 43 13 30 0.0057 0.0588 0.0646 67.00 9

Note SSA—specific surface area, Smicro—micropore area, Sexternal—external surface area, Vmicro—micropore
volume, Vmeso—mesopore volume, Vtotal—total pore volume, Wpores—average pore width, Mshare—volume
share of micropores.

Although, the zeolite FAU was identified by XRD and SEM at the all synthesized samples,
FAZs differ in their textural properties. The specific surface area of the samples varies in a wide
range as the highest obtained value is 404 m2/g for the sample ZFARE-7. Slight decrease in SSA
and in the share of micropores is obtained for longer time of synthesis at ZFARE-14, which could be
indicative for the beginning of recrystallization process. The SSAs of the samples of ZFAV series are
comparable, as the yield of zeolite FAU remains high after 14 months of reaction. The volume fraction
of micropores for ZFAVs is relatively lower than that for ZFAREs, because of the different amorphous
part in the structure of the raw materials. Similar textural properties are calculated for the samples
from the series ZFAB, ZFAM, and ZFAR with SSAs in the range of 210–296 m2/g. Despite the lower
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surface area compared to the previous series of samples, the total pore volume of these FAZs is higher,
reaching values of 0.2589 cm3/g due to the wider pores with sizes up to 68.46 Å. The well-developed
mesopore structure of these materials is beneficial for their application in systems for adsorption of
gases or for removal of pollutants from waters. The lowest values for all surface characteristics are
calculated for the samples from the ZFAG and ZSS series, which is in accordance to the observation
from XRD, SEM, and N2-adsorption analyses.
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Figure 4. Isotherms of N2-adsorption/desorption of FAs and FAZs obtained from different raw materials
for 7 and 14 months.
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There is no unified approach to estimate the zeolitic yield in the products of FA conversion.
In the literature, data from thermogravimetric analyses, water vapor adsorption and release,
XRD deconvolution, and SSA comparison have been applied for the estimation of the zeolitization
extent [40]. In this study, the SSA of the synthesized samples was used to evaluate the influence of
the raw fly ashes properties onto the crystallization of zeolite FAU. The dependences of SSAs and
Mshare of the investigated samples (excluding SS because of the FAU destruction observed) on the
SiO2/Al2O3 ratio and the amorphous constituent of FA are represented in Figure 5. The increase in SSA
and the yield of zeolite FAU are directly related to the enhancement of the amorphous content in the
raw fly ash. The same dependence is observed for the micropores share in the synthesized samples
(index µ on the plot) predetermined by the better solubility of alumina and silica in alkaline media and
further crystallization of the obtained hydrogel in a determined zeolite phase. The presence of PHI in
some of the samples does not influence the porosity of the FAZs. It was established that the chemical
composition of the raw FA does not affect significantly the zeolitization process in the SiO2/Al2O3

range of 1.5–2.3, and the FAU structure is obtained by all of the investigated raw materials.
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Figure 5. Dependences between surface properties of investigated samples and raw fly ash properties.

3.4. Adsorption of Malachite Green from Coal Ash Zeolites

The adsorption of MG onto the surface of the synthetic zeolites is investigated at 10 mg/L
concentration of the stock solution by adding 3 g/L of the zeolite products. The removal efficiency
RE (%) of coal fly ash zeolites toward MG at different times of analyses is calculated by the following
equation:

RE(%) = ((C0−Ce)/C0)·100 (1)

where C0 is the initial concentration of MG in the test solutions; Ce is the measured equilibrium
concentration of MG in the liquid phase after the adsorption, mg/L.

The results from the MG kinetic study on FAZs are plotted in Figure 6.
The experimental results were described applying the pseudo first- (Equation (2)) and second-order

(Equation (3)) kinetic models. The linear forms of the model equations used are as follows:

−ln(CMG,τ/CMG,0) = k1τ (2)

τ/CMG,τ = 1/(k2·CMG,0) + τ/CMG,0 (3)
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where k1 and k2 are the reaction rate constants for the kinetic models of the pseudo first- and
second-order, min−1 and M−1

·min−1, correspondingly; τ is the reaction time, min.
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Figure 6. Adsorption kinetics of Malachite green onto the surface of synthetic fly ash zeolites obtained
after 14 months of self-crystallization.

Linear plots of pseudo first- (PFO) and second- (PSO) order kinetic models are shown in Figure 7
together with the results from regression analyses. The PFO does not correlate to the experimental
data, as R-Square varies in the range of 0.22–0.63, while the PSO effectively describes the kinetics of the
adsorption with R-Square of 0.999 for all samples.

The calculated rate constant k2 (M−1
·min−1) and half-life time τ1/2 (min−1) from the PSO kinetics

modelling and the obtained maximum removal efficiencies of FAZ toward MG are listed in Table 3.
The fastest adsorption kinetics is calculated for the samples ZFAR-14 and ZFAV-14 but the highest
removal efficiency is achieved at ZFAR-14. Although the investigated samples are characterized with
surface areas varying in a wide range, all of them reach almost full remediation of the water solutions
from MG. At these concentration levels of MG, the adsorption process probably takes place on the
external surface of the ZFAs and the MG molecules do not penetrate into the pore volume composed
of micro and mesopores. This is a prerequisite for the FAZs to have the capacity to remove completely
even higher levels of this contaminant.
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Figure 7. Regression analyses of the experimental data by pseudo first- (PFO) and second- (PSO) order
kinetic models (linear plots).

Table 3. Parameters of pseudo-second-order kinetic model for adsorption of Malachite green onto fly
ash zeolite surface and the obtained removal efficiencies.

PSO ZFAB-14 ZFAG-14 ZFAM-14 ZFAR-14 ZFARE-14 ZFAV-14

k2 M−1
·min−1 0.0075 0.0070 0.0080 0.0180 0.0081 0.0174

τ1/2 min 13.42 14.22 12.45 5.57 12.37 5.76
REmax % 96.6 97.0 98.6 97.5 97.0 97.0

The study of the sorption kinetics of wastewater treatment is important to clarify the process
mechanism, the rate of retention of contaminants, and the time for exhaustion of the sorbent capacity.
These characteristics are important in the design of efficient sorption treatment plants for water
treatment of specific pollutants. It was found that the pseudo-second-order model provides the
best correlation to the adsorption kinetics of MG onto FA, which means that the rate-limiting stage
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is chemisorption involving valence forces by electronic sharing or exchange between sorbent and
sorbate [41]. This is confirmed by the fact that no unambiguous tendency of increase in the adsorption
rate constant with increase in the specific surface of coal ash zeolites is established. In a case that the
adsorption process proceeds with diffusion control, then the surface characteristics of the adsorbent,
such as particle size, specific surface area and pore diameter will be essential for the process kinetics,
which is not observed for the present adsorption studies. It could be assumed that the chemisorption
mechanism of MG onto FAZ is obeyed by the cationic behavior of this dye upon its dissolution into
water. Cationic dyes carry positive charges in their molecules and dissociate into cations in the aqueous
solutions [42]. In this case, an ion exchange process can occur between the mobile cations in the
zeolite structure and the dye cations from the solution. Finally, it could be supposed that the rate of
adsorption of MG on FAZ will initially be dominated by surface factors, and as the process progresses,
the concentration and the distribution of the ion exchange sites in the zeolite framework will play a
key role. Some studies reveal that the raw fly ash can also behave a high retention capacity for some
pollutants, for example, toward anionic surfactants [43]. However, adsorbents based on zeolitized
ash definitely have a number of advantages in water purification. Coal ash zeolites have a higher
specific retention capacity per unit mass, which means less need for adsorbent to treat a unit volume of
water. Another advantage is that zeolitized coal ash releases fewer impurities into the remediated
water as compared to the parent ash, which is characterized by substantial leaching. The ability of coal
zeolites to act as ion exchangers and adsorbents makes them applicable in the cleaning of industrial
sludges, acid mine drainages, industrial, agricultural and domestic waters by a variety of techniques,
such as filtration, coagulation and catalytic degradation of contaminants. Moreover, they can serve as
permeable reactive barriers for remediation and barriers against infiltrations of toxic components into
ground water.

4. Conclusions

The focus of this study is on the crystallization of zeolites from different coal fly ashes at ambient
conditions. The obtained materials were investigated for two times of aging in regard to identify the
phase composition and morphology of the final products. It was established that the self-crystallization
process at low temperature ensures long-term controllable synthesis of zeolite FAU from FA of different
coal types, at a wide range of SiO2/Al2O3 ratios, and varying extent of amorphization. It was also
observed that the yield of the zeolite FAU is mainly favored by the higher amounts of the amorphous
aluminosilicates in the raw material. The values of the experimentally determined specific surface area
over 400 m2/g and the textural properties of the synthesized zeolites are beneficial for a wide range of
possible applications. This synthesis approach is promising for large-scale waste utilization because
of its simplicity, zero energy demands and low operational costs. It could be easily applied in the
places of fly ash landfills and long-accumulated waste can be recovered. The quasi natural synthesis
procedure would meet the environmental challenges of waste storage management, and in the same
time would produce a valuable commercial product. In this study, one of the possible approaches for
useful utilization of the coal fly zeolites obtained by different sources was investigated. The successful
adsorption of malachite green was achieved with removal efficiency over 96%. The experimental data
were fitted to the second-order kinetic reaction model with high correlation.
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Abstract: Ethylene stimulates ripening and senescence by promoting chlorophyll loss, red pigment
synthesis, and softening of tomatoes and diminishes their shelf-life. The aim of this work was to study
the performance of a novel copper- and zinc-based ethylene scavenger supported by ion-exchange
on a naturally occurring zeolite by analyzing its ethylene adsorption capacity and the influence of
ethylene scavenging on quality attributes during the postharvest life of tomatoes. The influence of
copper- and zinc-modified zeolites on ethylene and carbon dioxide concentrations and postharvest
quality of tomatoes was compared with unmodified zeolite. Interactions among ethylene molecules
and zeolite surface were studied by diffuse reflectance infrared Fourier transform spectroscopy in
operando mode. The percentage of ethylene removal after eight days of storage was 57% and 37%
for the modified zeolite and pristine zeolite, respectively. The major ethylene increase appeared at
9.5 days for the modified zeolite treatment. Additionally, modified zeolite delayed carbon dioxide
formation by six days. Zeolite modified with copper and zinc cations favors ethylene removal and
delays tomato fruit ripening. However, the single use of unmodified zeolite should be reconsidered
due to its ripening promoting effects in tomatoes at high moisture storage conditions, as water
molecules block active sites for ethylene adsorption.

Keywords: adsorption; DRIFTS operando; ethylene scavenging; postharvest quality; tomato; zeolite

1. Introduction

Tomato fruit (Solanum lycopersicum L.) is one of the most consumed vegetables worldwide with
a total production of about 182 million tons per year [1]. Tomatoes are climacteric fruit in which
ripening is accompanied by a quickly increased respiration and ethylene production. Ethylene (C2H4)
is a simple, naturally produced plant-growth-regulating substance that has numerous effects during
the postharvest life of fruit and vegetables. Ethylene stimulates ripening and senescence that may
result in detrimental effects by promoting unwanted softening and a grainy structure in tomatoes [2].
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In addition, ethylene accelerates pigment synthesis and chlorophyll loss in tomatoes [2]. Complete
ripening within just a few days is not desirable and should be avoided because it limits commercial
shelf-life of horticultural products by accelerating their quality loss. Commercial postharvest strategies
are often based on avoiding the exposure of climacteric fruit to ethylene, attempting to minimize
ethylene production, inhibit its action, and by the removal of C2H4 not only from the postharvest
facilities but also from the inside of storage packages [3–5].

Adequate ventilation with fresh air is an effective way to remove C2H4 from storage rooms.
However, this method means an enormous energy and moisture loss and is usually impractical
in the case of controlled or modified atmosphere [6]. Another postharvest storage technology is
the use of active packaging for ethylene scavenging, including the adsorption and breakdown of
ethylene [7]. Sorption is a cheap and relatively simple alternative process. Moreover, the sorbent can
be recovered avoiding waste disposal, proving to be a cost-efficient technology in the elimination of
a large variety of compounds [8]. Commercial ethylene adsorbents consist of sachets with an active
agent impregnated on a porous material. Several materials have been used as ethylene scavengers
such as halloysite nanotubes [9], active packaging of low-density polyethylene coated with polylactic
acid [10], potassium permanganate supported onto porous inert material with a high surface area
such as montmorillonite [11], silica, alumina [12], zeolite, vermiculite, and activated carbon [5], among
others, to extend the shelf-life of fresh fruit. Zeolites are aluminosilicates with a negative framework
charge that is balanced with alkali or alkaline earth elements and are often used as supporting
material. They have a stable structure, a surface area up to 3000 m2 g−1 and pore radii ranging from
3 Å to 12 Å [5,13]. Moreover, the choice of zeolites for fresh fruit makes them suitable at low or
room temperature and high humidity storage conditions [14]. It has been indicated that the removal
of C2H4 can be promoted by the impregnation of an inert support with potassium permanganate
(3.5%–12%) [15], which oxidized ethylene to carbon dioxide (CO2) and water (H2O), simultaneously
forming manganese dioxide and releasing potassium hydroxide [16]. In addition, several pure metallic
elements and metal oxides fixed on supports have been tested as catalysts for the oxidation of ethylene
to carbon dioxide and water. According to Terry et al. [17], the ethylene adsorption and removal
capacity of palladium (Pd)–impregnated zeolite was far superior to potassium permanganate-based
scavengers when used in low amounts at 20 ◦C and high relative humidity. Moreover, ethylene
removal rate by a palladium chloride (PdCl2)-impregnated acidified activated carbon scavenger was
further promoted by the addition of copper sulfate [18]. Indeed, copper (Cu) has been shown to be
helpful in promoting ethylene removal [13]. Additionally, photocatalytic degradation of C2H4 under
UV light irradiation using a mixture of titanium dioxide and silica (TiO2/SiO2) or a nanofiber film
containing TiO2 nanoparticles was effective in reducing the concentration of ethylene in the atmosphere
surrounding of climacteric fruit, thereby delaying their ripening [19,20]. Complete ethylene removal
was achieved by a photocatalytic oxidation into carbon dioxide and water [21]. Doping TiO2 with
Cu2+ may further improve the photocatalytic activity and minimize deactivation. Besides, the use
of zinc oxide (ZnO) as photocatalyst is a suitable alternative to the more expensive TiO2. However,
careful attention should be paid in the application of photocatalysis as a process treatment to remove
C2H4. Direct artificial light during the storage of fruit promotes ripening [22]. Hence, photocatalytic
treatment should be redesigned and cannot be used directly on fruit as a straightforward technology.
The combination of zinc oxide with copper oxide for ethylene scavenging in tomatoes has not been
reported. So far, most of these studies mainly concern the characterization of the prepared materials
and the application of tests to evaluate fruit maturity and the effect of the ethylene scavenger. However,
there is a lack of studies that evidence the chemical interactions among ethylene and the material active
sites giving a relationship between such processes with fruit ripening. Therefore, the aim of the present
work was to develop a novel copper- and zinc-based ethylene scavenger supported on naturally
occurring zeolite and to study the surface interactions among adsorbed molecules and the active sites
of the scavenger and their implications on postharvest attributes during the shelf-life of tomatoes.
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2. Materials and Methods

2.1. Materials

Tomato fruit (Medano cultivar) were purchased from a greenhouse in Pueblo Seco, Ñuble, Chile.
Natural zeolite, composed of 53% clinoptilolite, 40% mordenite, and 7% quartz with an average grain
size of 5.28 ± 0.28 mm, was provided by the mining company of Minera Formas (Parral, Chile). Argon,
oxygen, and carbon dioxide of 99.9% purity were supplied by Praxair (Santiago, Chile). Ethylene of
99.99% purity was purchased from Air Liquide S.A. (Houston, TX, USA). Zinc nitrate was obtained
from Sigma-Aldrich Corporation (St. Louis, MO, USA), while copper nitrate, ammonium sulfate,
copper sulfate, sodium hydroxide, butylated hydroxytoluene, sodium potassium tartrate, ethanol,
acetone, and hexane were provided by Merck (Darmstadt, Germany) and were of analytical grade
(≥99.0% purity). Sodium benzoate and potassium sorbate (food grade) were supplied by Furet (Chillán,
Chile). Deionized water (≥18.0 MΩ cm) was used to prepare solutions using a Thermo Scientific
Barnstead Easypure II RF portable ultrapure water system (Waltham, MA, USA).

2.2. Preparation of Zeolites

After the grinding and sieving of natural zeolite, a zeolite sample with an average particle size of
0.36 ± 0.06 mm was rinsed with deionized water, filtrated and then dried at 105 ◦C for 24 h (Z sample).
Prior to the treatment of zeolite with copper and zinc cations, zeolite samples (0.10 w/v) were dispersed
in a 0.1 M ammonium sulfate solution and modified by ion-exchange at 90 ◦C for 2 h at a shaking rate
of 27 rpm. The excess of salt was removed by washing with deionized water during 2 h at the same
conditions as mentioned before. This rinsing procedure was repeated twice for 1 h. The ion-exchange
procedure was repeated once again, including the washing step. Afterwards, zeolite samples were
thermally degassed in a U-shaped quartz fixed bed furnace at 350 ◦C (heating rate of 3 ◦C min−1)
during 2 h under argon flow (100 mL min−1). After this step, pre-treated samples (0.10 w/v) were
dispersed in an aqueous solution of both copper and zinc nitrate (66.4 mM) and modified by metal
ion-exchange for 24 h at 90 ◦C under shaking at 27 rpm to prepare the modified zeolite doped with
copper and zinc cations. After repeating the rinsing and degassing procedures, samples were stored
in a desiccator before use. Prior to the adsorption experiments, samples were heated under oxygen
flow (100 mL min−1) at 350 ◦C (with a heating rate of 1 ◦C min−1) for 4 h before quenching to room
temperature. The physical and chemical surface properties of natural (Z sample) and modified natural
zeolite (Z–Cu/Zn sample) used in this study have been recently published by Abreu et al. [23] (Table 1).

Table 1. Physical and chemical characteristics of natural and modified zeolite samples 1 [23].

Sample
SBET

[m2 g−1]
Vmeso

[cm3 g−1]
Vmicro

[cm3 g−1]
Si
[%]

Al
[%]

Ca
[%]

Fe
[%]

Na
[%]

K
[%]

Ti
[%]

Mg
[%]

Mn
[%]

Sr
[%]

S
[%]

Zr
[%]

Zn
[%]

Cu
[%]

Z 281 0.14 0.07 65.4 12.3 11.1 5.3 2.1 1.9 0.9 0.5 0.1 0.1 0.1 0.1 0.0 -
Z- Cu/Zn 337 0.10 0.11 68.3 13.2 4.1 4.7 - 0.9 0.8 0.2 0.1 0.1 0.1 0.1 3.3 4.3
1 SET, Vmeso and Vmicro were obtained from nitrogen adsorption and desorption at 77 K, while mineral contents
were determined by X-ray fluorescence spectroscopy.

2.3. Characterization of Zeolites

2.3.1. DRIFTS Operando Study

Interactions among ethylene molecules and zeolite surface, in the presence of air humidity, were
studied by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) in operando mode (see
Figure 1). Experiments were performed using a JASCO FT/IR 4700 spectrometer provided by JASCO
International Co., Ltd. (Tokyo, Japan) equipped with a mercury cadmium telluride detector (MCTD).
Zeolite sample (0.08 g) was loaded in a Praying Mantis diffuse reflectance cell supplied by Harrick
Scientific Products Inc. (New York, NY, USA). Then, a pure ethylene stream was continuously sent to
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the diffuse reflectance cell operating at 20 ◦C and spectra were registered every 1 min, from 4000 cm−1

to 400 cm−1 with an optical resolution of 1 cm−1.
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Figure 1. General experimental setup used to study surface interactions among ethylene and zeolite by
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) in operando mode and the retention
of ethylene and carbon dioxide using a quartz U-shaped fixed bed adsorber at room temperature:
(1) ethylene cylinder, (2) argon cylinder, (3) carbon dioxide cylinder, (4) oxygen cylinder, (5) mass
flow controller, (6) three way valve, (7) water saturator, (8) U-type fixed bed adsorber, (9) Praying
Mantis diffuse reflectance cell set in a JASCO Fourier transform infrared spectroscopy (FT/IR 4700)
spectrometer, (10) Perkin Elmer Clarus 500 gas chromatograph, (11) computer, (12) KMnO2 trap, and
(13) extractor hood.

2.3.2. Breakthrough and Regeneration Experiments

To further evaluate the influence of natural and copper- and zinc-modified zeolites toward
ethylene and carbon dioxide retention, breakthrough adsorption experiments of ethylene or carbon
dioxide were performed in two identical quartz U-shaped fixed bed columns manually packed at
atmospheric pressure and 20 ◦C with 0.30 g of natural zeolite and zeolite doped with copper and zinc
cations, respectively (see Figure 1). Before breakthrough adsorption experiments, samples were heated
with an oxygen flow (100 mL min−1, heating rate of 1 ◦C min−1) for 4 h, reaching a final temperature of
350 ◦C and then cooling to room temperature. Inlet concentration of ethylene was fixed at 120 µg L−1

and at 1500 µg L−1 for carbon dioxide by diluting each pure gas with a flow of argon. When starting
the breakthrough experiment, ethylene was continuously introduced to the zeolite fixed bed at a
flow rate of 25 mL min−1 at 20 ◦C, while the outlet gas from the column was analyzed on-line by gas
chromatography using a Perkin Elmer Clarus 500 gas chromatograph (Shelton, CT, USA) as a function
of time, whereby adimensional concentration (Ci,t/Ci,0) was expressed as a function of treated bed
volumes (L gas L−1 adsorbent). Similarly, in the case of the breakthrough adsorption experiments of
carbon dioxide, it was introduced to the zeolite columns at a flow rate of 300 mL min−1 monitoring the
outlet concentration on-line by gas chromatography using a Perkin Elmer Clarus 500 chromatograph
(Shelton, CT, USA), as indicated previously [24]. Breakthrough experiments were stopped when zeolite
samples reached saturation. Adsorbed quantity of component i was calculated by integration of the
area from the breakthrough curve according to the following equation:

qi =
FCi,in

m

ts
∫

0

(

1−
Ci,t

Ci,in

)

dt (1)
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where qi is the adsorbed amount of component i (µg i g−1 adsorbent), F is the flow rate of feed (L min−1),
m is the mass of adsorbent (g), Ci, in is the inlet concentration of component i (µg L−1), Ci, t is the outlet
concentration of component i (µg L−1) at specific adsorption time t, and ts is the time to reach the
saturation of the adsorbent with component i (min).

After reaching saturation, zeolite samples were submitted to temperature-programmed
regeneration experiments in order to gain information about the strength of adsorption of ethylene and
carbon dioxide to zeolite active sites. Zeolite samples were heated under argon flow (45 mL min−1)
from 30 ◦C to 550 ◦C (heating rate of 3 ◦C min−1) and the concentration of ethylene or carbon
dioxide in the outlet gas was analyzed by gas chromatography, following the same procedures as
explained previously.

2.4. Postharvest Treatments

Tomato fruit, Solanum lycopersicum, were harvested at breaker stage in December 2017 and
immediately transported to the postharvest laboratory of Universidad de Concepción. Tomatoes were
sorted for uniformity according to size and color. Fruit were dipped for 15 min in 0.1 % (w/v) potassium
sorbate and 0.1 % (w/v) sodium benzoate solution. After drainage, tomatoes were washed with sterile
deionized water and air-dried in a laminar flow hood at room temperature for 1 h, followed by storage
in the dark at 10 ◦C for 12 h.

Fruit were separated into three groups, and each group consisted of three lots. For each
determination, two replicates (r) per treatment and sampling period were used. The first group
consisted of tomatoes stored without ethylene sorbent material (control), the second group of fruit
stored with 10 g natural zeolite (Z) per container, and the third group comprised tomatoes with 10 g
zeolite doped with copper and zinc (Z–Cu/Zn) per container. Tomatoes (approximately 0.75 kg per
experimental unit) were stored in hermetically sealed glass desiccators (10 L) at 20 ◦C in the dark
and a constant relative humidity (RH) of 88 % provided by a saturated solution of sodium benzoate
(C6H5OONa). Zeolite samples were deposited on glass fiber within a stainless-steel basket hanging in
the center of each desiccator (see Figure 2). Quality fruit parameters (size, weight, skin color, texture
characteristics, titratable acidity, soluble solids, moisture content, and reducing sugars and lycopene
content) were analyzed at the beginning of the experiment, and after 8 d and 15 d in accordance with
tomatoes shelf-life and preliminary experiments.
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Figure 2. Schematic experimental setup for tomato storage over time for different treatments.
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2.5. Gas Composition in the Atmosphere of Tomato Containers

Concentrations of C2H4 and CO2, O2, and N2 were determined during the whole storage time
of tomato fruit. Samples were daily taken from the headspace atmospheres of each desiccator and
analyzed by gas chromatography using a Perkin Elmer Clarus 500 chromatograph (Shelton, CT, USA)
equipped with a sample injector operated at 200 ◦C and featuring two parallel connected columns,
a flame ionization detector (FID) operating at 250 ◦C for C2H4 detection and a thermal conductivity
detector (TCD) operating at 200 ◦C for CO2, O2, and N2 determination. A sample of 2.5 mL of the
headspace atmosphere from each desiccator was withdrawn using a syringe and injected into the gas
chromatograph. A flow of 7 mL min−1 of helium was used as a carrier gas for ethylene determination,
using a capillary column (VOCOL™, 60 m length × 0.53 mm i.d., with 3.0 µm film thickness) coupled
to the FID detector. Separations started at an initial oven temperature of 40 ◦C; then temperature
increased to 170 ◦C at 2 ◦C/min−1 and held at 170 ◦C for 5 min. After each separation, elution proceeded
for further 2 min before cooling down the oven and to stabilize the column for the next run. Carbon
dioxide, oxygen and nitrogen were analyzed by injecting 1 mL of the headspace atmosphere of each
desiccator into the gas chromatograph. Separation was conducted using a packed column (4.5 m
length × 2.1 mm i.d., containing 60/80 mesh Carboxen-1000 packing) coupled to TCD, applying 30 mL
helium min−1. The temperature program was started at 40 ◦C and increased to 170 ◦C at 4 ◦C/min−1

with a holding time of 6 min.

2.6. Determination of Physical and Chemical Properties of Tomato Fruit

Equatorial and polar diameters of individual fruit were measured with a digital vernier caliper
(150 × 0.02 mm; Stanford professional). Weight of each fruit lot was recorded using an analytical
balance (Shimadzu BL-320H, Kyoto, Japan) with 0.001 g precision. Weight loss was expressed as
percentage loss of the original weight using the same samples (n = 3) at each sampling time throughout
the experiment [25]. Skin color was measured in triplicate at three different points in the equatorial area
of fruit using the CIE L* a* b* color space of a HunterLab colorimeter Color Quest II (Hunter Associates
Laboratory, Reston, VA, USA). Hue angle (hab) was quantified by hab = arc tangent (b*/a*), where
green = 180◦, yellow = 90◦ and red = 0◦. Texture characteristics of tomato samples were measured
using the Instron Universal Testing Machine (ID 4467 H 1998, Instron Co., Norwood, MA, USA) by
force-deformation measurements, using the compression test for food materials of convex shape [26].
Stylar, equatorial and calyx regions were marked on the fruit. The compression test on each fruit
involved six measurements, that is, two determinations in each region using a cylindrical stainless-steel
plunger (3.21 mm) and a crosshead speed of 20 mm min−1 [27]. Bioyield or critical force (Fcrit) and
apparent modulus of elasticity (E) were calculated according to ASAE S368.2 standards [26], using a
Poisson’s ratio of 0.45 [28].

Then, each fruit was liquefied in a commercial Oster 4172-051 blender (México City, México),
and titratable acidity, soluble solids, and moisture contents were determined. Moisture content of
tomato pulp samples was determined by gravimetric method. About 20 g of samples were dried on
Petri dishes in a Binder BL-320H oven (Tuttlingen, Germany) at 70 ◦C until constant weight. Moisture
content was expressed as percentage of loss of initial weight (WL) (wet basis). Soluble solids (SS)
content was measured with a BOECO 32,195 digital refractometer (Hamburg, Germany), expressed as
percentage of sucrose equivalent. Titratable acidity (TA) was determined by titration with 0.1 N NaOH
and expressed as percentage of citric acid equivalent [29]. Reducing sugars (RS) were determined by
the Layne and Eynon method based on the reduction of Cu2+-complex with tartaric acid in alkaline
solutions [30]. The parameter was expressed as percentage of invert sugar weight/fresh sample weight.
The maturity index (MI) was expressed as the ratio between reducing sugars and titratable acidity.
Lycopene content was determined according to the method proposed by Fish et al. [31] with minor
modifications. Approximately 0.6 g of homogenized tomato sample was introduced into a 50 mL amber
screw-top vial containing 5 mL acetone with 0.05 % (w/v) butylated hydroxytoluene, 5 mL 95 % (v/v)
ethanol and 10 mL hexane. All solvents were refrigerated previously at 4 ◦C and stored on ice before
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use. Sample was stirred at 1500 rpm for 10 min using a VM-3000 mini-vortexer (Thorofare, NJ, USA).
After shaking, 3 mL of distilled water were added to the vial and sample was shaken for additional
5 min. Then, vial was left at 4 ◦C in the dark for 30 min to allow for phase separation. Absorbance
of the hexane layer was measured at 503 nm versus a blank of hexane using a Merck UV-visible
spectrophotometer Pharo 300 Spectroquant®(Darmstadt, Germany) and results were expressed as mg
lycopene per kg dry weight of tomato. All measurements were assayed in triplicate.

2.7. Statistical Analysis

Analysis of variance (ANOVA) at P = 0.05 was performed to assess statistically significant
differences among treatments for tomato quality attributes by applying Duncan’s multiple range test
using Statgraphics© Centurion XVI, version 16.1.15 provided by Statpoint Technologies (Warrington,
VA, USA).

3. Results and Discussion

3.1. Ethylene Concentration in the Atmosphere of Tomatoes Containers

Ethylene concentration diminished by 37% for natural zeolite and 57% for modified zeolite
after 8 d of storage, followed by an increase of ethylene concentrations reaching a plateau value of
about 40 µg L−1 after 10 d for all treatments, and apparently associated to the saturation of active
sorption sites (Figure 3). A comparison of the ethylene removal efficiency using natural and modified
natural zeolite doped with copper and zinc to some other ethylene scrubbers reported in the literature
is presented in Table 2. As can be seen, the obtained result using modified natural zeolite doped
with copper and zinc is within the range of values reported using different scrubbers for ethylene
removal for different horticultural products. Control treatment showed just one pronounced increase
of ethylene concentration at 2.5 d of tomato storage, while a second increase appeared at 9.5 d
for zeolite treatments (Figure 3). A maximum ethylene concentration for control was obtained of
about 43.8 ± 8.2 µg L−1 per kg of tomato. In particular, the ion-exchange of zeolite with copper and
zinc cations increased the capacity to remove ethylene from an environment with 88% RH and
15% (v/v) O2 during the first week of tomato storage. More efficient ethylene scrubbing promotes
ethylene gradient formation and, thus, diffusion across the tomato skin and flesh barriers, diminishing
the internal ethylene concentration and retarding the main ethylene burst for about seven days.
However, autocatalytic ethylene synthesis may result finally in a sharp increase of the internal C2H4

concentration that can exceed 100 ppm [2]. This may be the consequence of unsteady state conditions
between an accelerated ethylene production and a relatively low ethylene adsorption rate due to mass
transfer limitations.
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Figure 3. Ethylene concentration for tomato storage over time for different treatments.
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Table 2. Comparison of the removal of ethylene using natural (Z) and modified natural zeolite doped
with copper and zinc (Z–Cu/Zn) to some other ethylene scrubbers reported in the literature.

Ethylene scrubbers Removal (%) Horticultural Products References

Z 37 Tomato This work
Z–Cu/Zn 57 Tomato This work
Potassium permanganate loaded
on protonated montmorillonite 79 Blueberry [11]

Palladium activated carbon 65 Tomato [13]
Pd-impregnated zeolite 100 Banana, avocado, strawberry [17]
Acidified activated carbon
powder impregnated with
PdCl2 and CuSO4

80 Broccoli [18]

Nanofibers containing TiO2
nanoparticles 45 Banana [20]

Titanium dioxide coated glass 66 Apple [21]
Granular—activated carbon
impregnated with palladium 56 Tomato [32]

Although C2H4-scavenging was not very successful at the end of the storage period, probably
due to an insufficient adsorption capacity of zeolites at high relative humidity, ethylene removal might
be improved by increasing the amount of copper and zinc combined with ultraviolet irradiation, using
the modified zeolites as photocatalytic material to promote ethylene degradation and to free the active
adsorption sites on the zeolite surface.

3.2. Interaction between Ethylene and Zeolites

Figure 4 displays the evolution of DRIFTS spectra as a function of time for samples of natural
zeolite (4a) and modified natural zeolite doped with copper and zinc (4b) continuously exposed to a
stream of pure moistened ethylene. According to Figure 4A,B, the intensity in OH vibrating bands
such as Si-OH-Al bridge groups (3590 cm−1) and external Si-OH groups (3745 cm−1) decreased as
zeolites were exposed to ethylene. In the case of modified zeolite (Figure 4B), the interactions with
Si-OH-Al groups (3590 cm−1) are greater than in natural zeolite (Figure 4A). Such findings are related
to the formation of new Brønsted active sites during the modification process that increases ethylene
adsorption. Our results confirm that the adsorption mechanism takes place by the interaction of
ethylene molecules with Brønsted active sites present at the zeolite surface. Moreover, DRIFTS analysis
to the modified zeolite sample suggests that ethylene molecules interact not only with Brønsted active
sites but also with metal cations incorporated in the zeolite surface. Lower intensity can be clearly
observed in the bands located at 3590 cm−1 (Si-OH-Al bridge groups) in the modified zeolite sample
as the contact time elapsed. Such results are in agreement with those presented in Figure 3, since
ethylene concentration remains lower in the gas headspace of stored tomatoes when modified zeolite
is used. Ethylene molecules seem to be adsorbed at the new active sites generated in the zeolite after
the applied modification treatments. The IR bands registered at 2835 cm−1, 2807 cm−1, and 2820 cm−1

related to C–H stretching vibrations in that sample have been associated to the interaction of metals
introduced in the zeolite surface with ethylene molecules. These IR bands could be attributed to
modifications in the symmetry of ethylene molecules due to the interactions of cations with π-electrons
of ethylene molecules. Meanwhile, after some minutes of contact time, other characteristic bands of gas
phase ethylene appear in the range around 950 cm−1, 1420 cm−1, 1700–1900 cm−1, and 2970–3125 cm−1,
suggesting the saturation of the surface. Additionally, water adsorption on the zeolite surface can be
observed by the increase of the band located at 1635 cm−1 and a broad band between 3200 cm−1 and
3400 cm−1 as contact time increased, having higher intensities in the case of the natural zeolite sample.
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Figure 4. DRIFTS operando spectra of ethylene adsorption onto natural and modified natural zeolite
samples in the presence of humidity. (A) Natural zeolite; (B) zeolite modified with copper and zinc.

However, high moisture conditions might also affect negatively the adsorption capacity of the
modified zeolite, particularly at the end of tomato storage. It has been indicated that both water
and oxygen reduced the adsorption capacity of zeolite, while the greatest removal of C2H4 occurs
in the presence of nitrogen [14]. In the absence of water and oxygen, ethylene is converted to
ethylidyne (CCH3) species, whereby carbon forms three bonds to surface metal atoms. In contrast, the
presence of adsorbed oxygen favored π-bonded ethylene over di-σ bonded ethylene adsorption [14].
The adsorption process in the case of natural zeolite has been indicated to take place mainly by weak
hydrogen bonding interactions among CH atoms of ethylene and O atoms of terminal Si-OH and
Si-OH-Al bridges of zeolite [23,33]. In the presence of moisture, water and ethylene molecules compete
for the same active adsorption sites of zeolites [23] as the CH-O interactions for ethylene are weaker
than the OH–O interactions between water and zeolite [34]. As a result, water gets involved in the
adsorption mechanism blocking ethylene interactions and diminishing considerably the ethylene
adsorption at the final stage of tomato storage.

3.3. Breakthrough and Zeolite Regeneration

According to Figure 5a, ethylene was retained until 75 × 103 bed volume (BV) by modified zeolite
with a saturation of sorption material after 140 × 103 BV and a higher adsorbed amount of ethylene on
modified zeolite (4683 µg g−1) compared to natural zeolite (4263 µg g−1). Thus, the incorporation of
copper and zinc cations in zeolite favored ethylene adsorption. At the same time, the ion-exchange of
natural zeolite with copper and zinc cations diminished the retention of carbon dioxide, decreasing
the adsorbed amount of CO2 from 52.5 mg g−1 for natural zeolite to 31.7 mg g−1 for modified zeolite
(Figure 5b). As shown in Table 1, compensating cations of basic nature originally present at natural
zeolite surface were removed. These results indicate that the applied sequential modification treatment
produced a modified zeolite that is less susceptible to CO2 adsorption.
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Figure 5. Experimental breakthrough curves for ethylene (a) and carbon dioxide (b) and desorption
curves for ethylene (c) and carbon dioxide (d) on natural zeolite and modified zeolite with copper
and zinc.

On the other hand, desorption of ethylene from natural zeolite took place at relatively low
temperature (Figure 5c), which indicates weak interactions between adsorbate and adsorbent, probably
due to hydrogen bonds among ethylene molecules and OH groups of the zeolite framework. In the
case of modified zeolite (Figure 5c), ethylene evolved as two main desorption peaks that can be related
to different adsorption strength among ethylene molecules and active sites of the zeolite surface.
The thermal desorption of ethylene detected at low temperature (30–150 ◦C) means weak interactions
between adsorbate and adsorbent, while the desorption of ethylene at high temperature (170–300 ◦C)
suggests stronger chemical interactions that probably involve the copper and zinc compensation cations
incorporated in the zeolite surface. According to the desorption profile of carbon dioxide, natural zeolite
had a higher adsorption capacity toward CO2 compared to modified zeolite (Figure 5d). This behavior
could be related to strong electrostatic interactions of CO2 quadrupoles with vacant zeolitic cations of
basic character present at the surface of natural zeolite [35]. Moreover, these desorption data suggest
a higher amount of basic surface sites in the natural zeolite compared to the modified sample [36].
A great part of these basic sites were initially present in the natural zeolite as compensating cations
and were removed during the first step of the applied modification process using ammonium sulfate
followed by thermal degasification at 350 ◦C, having an impact in the increase of microporous surface
area and microporous volume [23].

Moreover, the incorporation of Cu2+ and Zn2+ ions after the ion-exchange treatments into the
zeolite structure also contributes to the decrease in the content of compensating cations (Table 1).
This generates additional, ion-induced dipole interactions between the ethylene molecules and the
new compensating cations located on the zeolite surface. It also improves ethylene binding via the
interaction among the π-electrons of ethylene and the orbitals of compensating cations within the
zeolite framework [34].
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3.4. Carbon Dioxide Concentration in the Atmosphere of Tomatoes Containers

During the experiments, CO2 levels in the atmosphere of glass desiccators increased continuously
during the storage of control tomatoes with a more pronounced increase of CO2 at the beginning,
yielding a maximum CO2 concentration of about 300 mg L−1 at day 10.5 (Figure 6). However, the CO2

profile is more complex in the presence of zeolites because of the combination of tomato respiration,
and CO2 adsorption and desorption phenomena. First, a strong increase of CO2 concentrations was
observed at day 0.5, which may be due to the accommodation of our system, whereby water vapor
in the headspace would promote CO2 desorption. The zeolites used here having an atomic ratio of
silica to alumina of roughly five, are substantially hydrophilic with a water adsorption capacity much
higher than the one for CO2 [37]. In addition, carbon dioxide production has been delayed during the
first six days in the presence of modified zeolite. This adsorbent is able to shift the CO2 increase for
six days compared to control treatment due to the presence of copper and zinc (Figure 6). However,
carbon dioxide concentrations increased strongly to approximately 585 mg L−1 after 14 d of storage at
20 ◦C, which exceeds the recommended range of CO2 for tomatoes of 2%–5% (v/v). High levels of CO2

reduce the sensitivity to ethylene and inhibit ethylene action in tomatoes [6].

−

−

–

–

−
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Figure 6. Carbon dioxide concentration as a function of storage time for different treatments.

3.5. Effect of Zeolites on Tomato Quality

Excessive loss of moisture in fresh fruit results in a considerable weight reduction with a negative
impact on fruit quality, as it is generally associated with loss of freshness. In this study, no significant
effect of sorbents on weight loss of postharvest tomatoes was found although CO2 production was
retarded for 6 d of tomato storage in the presence of modified zeolite (Table 3).

Table 3. Physicochemical and ripening indices of tomatoes stored at 20 ◦C without (control), in the
presence of zeolite (Z) or modified zeolite (Z–Cu/Zn) 1.

WL
[%]

TA
[%]

SS
[%]

RS
[%] MI

Lycopene
[mg kg−1]

Initial - 0.47 ± 0.05 3.01 ± 0.42 2.85 ± 0.12 6.27 ± 0.70 9.22 ± 1.88
Days 8 15 8 15 8 15 8 15 8 15 8 15

C 1.22 2.25 0.35 0.36b 2.78 2.77b 2.81 2.75 7.99 6.69 20.4a 52.9ab
Z 1.40 2.56 0.38 0.34a 2.37 2.02a 2.80 2.80 7.44 7.25 32.1b 62.5b

Z–Cu/Zn 1.40 2.36 0.39 0.34a 2.52 2.08a 2.82 2.79 7.33 7.31 21.3a 49.5a
1 Values are the mean ± standard error for the replicates. Different letters for the same column indicate significant
differences (P < 0.05).

Our results indicate that weight loss is mainly a consequence of mass transfer of water vapor from
fruit into the headspace of glass desiccators without a significant influence of respiration or zeolite
materials. On the other hand, Bailén et al. [32] and Domínguez et al. [38] reported lower weight losses
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for tomatoes preserved under modified atmosphere packaging using ethylene sorbents in comparison
with our results.

Approximately 45% of the total solids in tomato fruit is composed of soluble solids, predominantly
reducing sugars (Table 3). Zeolites did not alter the evolution of reducing sugars during tomato storage.
A previous study has shown that the main free sugars of commercial tomato varieties are reducing
sugars with a negligible amount of sucrose [39]. Moreover, both titratable acidity and soluble solids
content are essential quality parameters for tomatoes showing a similar behavior with a significant
decrease during the second half of postharvest storage in case of natural and modified zeolites (Table 3).
Increased CO2 and C2H4 production, after one week for tomatoes stored in the presence of both zeolites,
may trigger the decomposition of organic acids and part of the soluble solids. In particular, citrate and
isocitrate concentrations diminished at later stages of fruit ripening [40]. In addition, stimulation of
ethylene production by bruising of tomato fruit yielded a significant decrease of 15.3% of titratable
acidity in locule tissue compared with non-impacted tissue [41]. According to the initial maturity
index of 6.27, the quality of raw material belongs to suitable red fruit genotype class [39] with a slight
increase due to the loss of titratable acidity during ripening (Table 3).

Fresh-market tomatoes commonly harvested at mature green or breaker stage become soft as
ripening proceeds during storage. For this kind of tomato, texture is one of the most important quality
attributes, influenced by both skin strength and flesh firmness. Skin strength depends on the force
at the bioyield point (Fcrit), required to punch through the pericarp of tomatoes. Skin strength drops
rapidly during the first stage of storage followed by a slower decrease without significant difference
between treatments (Table 4). Flesh firmness or mesocarp strength can be calculated from the apparent
modulus of elasticity and the Poisson’s ratio [42]. Natural zeolite significantly reduced apparent
modulus of elasticity at the end of storage (Table 4), which could be attributed to an increased ethylene
concentration of about 20% compared to control tomatoes. Ethylene is able to stimulate the activity
of cell wall degrading enzymes by the induction of ethylene responsive genes encoding for pectin
methyl esterase, cellulase and polygalacturonase [43]. Softening of fruit flesh is mainly attributed
to the degradation of protopectins, which may result in reduced integrity of cell wall components,
loss of membrane integrity, and cell turgor. This, in turn, affects shelf-life and consumers’ acceptance
of tomatoes.

Table 4. Texture and color evolution of tomatoes stored at 20 ◦C without (control), in the presence of
zeolite (Z) or modified zeolite (Z–Cu/Zn) 1.

Fcrit
[N]

E
[MPa] L* a* b*

hab
[◦]

Initial 12.97 ± 2.01 1.31 ± 0.26 54.5 ± 1.8 −5.2 ± 1.5 28.2 ± 1.0 100.4 ± 1.9
Days 8 15 8 15 8 15 8 15 8 15 8 15

C 7.05 6.98 1.55 1.38b 46.9 42.0 8.3a 19.4a 24.2 21.4a 70.5b 48.1
Z 7.25 7.36 1.19 0.89a 45.4 43.0 21.5b 26.1b 23.2 23.9b 47.3a 42.6

Z–Cu/Zn 7.70 6.75 1.40 1.29b 47.3 44.1 7.8a 20.8a 25.1 24.1b 72.3b 49.1
1 Values are the mean ± standard error for the replicates. Different letters for the same column indicate significant
differences (P < 0.05).

Color is the most important external attribute to assess tomato ripeness and shelf-life, being the
major factor for consumers’ purchase decision. In this study, ripening is accompanied by a loss of
green orange color (0 d) associated with the breaker stage and the development of pink (8 d) and light
red color characteristics (15 d) for modified zeolite and control tomatoes. Moreover, tomatoes treated
with natural zeolite evolve an accelerated color change expressed by the development of light red (8 d)
and red color characteristics (15 d) according to USDA color standards [44]. In addition, the greatest
effect on delaying color development in tomatoes was found for zeolite that incorporates copper and
zinc cations, except for the color parameter a* after 15 d (Table 4). Red color development is the result
of chlorophyll degradation, as well as the synthesis of carotenoids, as chloroplasts are converted into
chromoplasts [40]. The degree of greenness or redness (a*) is changing from negative (green) to positive
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(red) values during tomato storage. In particular, red color evolution is promoted by natural zeolite
with strong increase of a* values during the first eight days in contrast to modified zeolite and control
treatments (Table 4). The degree of yellowness (b*) decreased just a little during fruit ripening with
significantly higher values for zeolite samples at the final ripening stage (Table 4). This suggests better
retention of yellow pigments due to the presence of zeolites. Lightness (L*) gradually declined during
postharvest storage, where zeolites did not influence this quality parameter (Table 4). Moreover, hue
angle (hab) correlates well with consumers’ perception of fruit color. A hue angle greater than 90◦ in the
second quadrant of the L* a* b* color space represents the initial condition of raw material and indicates
a green orange color of tomato surface (Table 4). During ripening, hue decreased rapidly up to 47◦ for
zeolite treated tomatoes corresponding to light red color, while hue of the other tomato samples was in
the 70–72◦ range after 8 d of storage, which corresponds to yellowish-pink color (Table 4). Natural
zeolite promotes red color evolution of tomatoes, which coincides with an increase of 100% in the
amount of CO2 produced after 8 d of storage in comparison to control. The inclusion of copper and
zinc cations within the zeolite framework is favorable to avoid excessive red color development of
tomatoes treated by natural zeolite.

Health benefits were associated to the consumption of a diet rich in lycopene, a fat-soluble
carotenoid with excellent antioxidant properties [45]. The accumulation of lycopene occurs due
to the conversion of chloroplasts into chromoplasts, coupled to the synthesis of this red pigment
from 2 geranyl-geranyl pyrophosphate via phytoene, phytofluene, ξ-carotene, and prolycopene
intermediaries [40]. According to Sipos et al. [45], lycopene content and antioxidant capacity of
tomatoes correlated positively to both surface and puree colors. This suggests that lycopene content
depends on tomato ripeness. Our results indicate that lycopene content of tomatoes increased
progressively over time ranging between 9.2 mg kg−1 and 62.5 mg kg−1 (Table 4). Moreover, lycopene
content had a strong inverse correlation with hue having a Pearson’s coefficient of –0.887 (P < 0.0001),
while lycopene synthesis was also affected by ethylene and CO2 levels inside the gas atmosphere of
the glass desiccators with Pearson’s correlation coefficients of 0.787 (P = 0.063) and 0.782 (P = 0.066),
respectively. In addition, natural zeolite yields a significantly higher increase of lycopene synthesis
compared to tomatoes stored in the presence of modified zeolite (Table 4).

Finally, improved ripening of tomatoes in the presence of natural zeolite is unfavorable if our goal
is to increase postharvest shelf-life, while the incorporation of copper and zinc cations to the support
lattice slows down fruit ripening being therefore an emergent postharvest technology that may create
new commercial opportunities.

4. Conclusions

Natural zeolite composed of 53% clinoptilolite, 40% mordenite, and 7% quartz promoted tomato
ripening according to the quality parameters titratable acidity, soluble solids, apparent modulus
of elasticity and greenness or redness degree after 15 d of tomato storage. The introduction by
ion-exchange of copper and zinc cations in zeolite followed by calcination treatments resulted in a
modified zeolite that was able to remove 57% of ethylene after 8 d of storage and to shift the CO2

production for 6 d compared to control. Chromatic characteristics, such as hue and greenness or
redness degree, and lycopene content improved after 8 d and apparent modulus of elasticity and
lycopene content after 15 d of storage. DRIFTS operando studies showed that the adsorption mechanism
takes mainly place by the interaction of ethylene molecules with Brønsted active sites. However,
DRIFTS results also indicated that water molecules compete with ethylene for the active sorption sites,
decreasing the adsorption capacity towards ethylene. Doping the zeolite with copper and zinc cations
seems to favor ethylene adsorption mechanism by cation-π interactions, improving postharvest quality
of tomatoes. Natural zeolite modified with copper and zinc cations may be used as a low cost and
non-toxic alternative ethylene scavenger to commercial ones available in the market. Finally, the use of
ultraviolet light could be explored to degrade bound ethylene and make free the active sorption sites
of modified zeolite.
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Abstract: The current study investigated the acceptance rate and long-term effectiveness of
cost-effective household water treatment systems deployed in Makwane Village. A structured
questionnaire was used prior to implementation to collect information such as level of education,
level of employment, and knowledge about point-of-use water treatment systems in the target
area. The long-term effectiveness was determined by factors such as the Escherichia coli removal
efficiency, turbidity reduction, silver leached, and flow rate of the household water treatment devices.
The results of the survey prior to deployment revealed that only 4.3% of the community had a tertiary
qualification. Moreover, 54.3% of the community were unemployed. The results further revealed
that 65.9% of the community were knowledgeable about other point-of-use water treatment methods.
The acceptance rate, which was found to be initially higher (100%), reduced after three months of
implantation (biosand filter with zeolite-silver clay granular—82.9%; silver-impregnated porous pot
filters—97.1%). Moreover, the long-term effectiveness was determined, taking into consideration the
adoption rate, and it was found that silver-impregnated porous pot filters have a long life compared
to biosand filter with zeolite-silver clay granular. Although household water treatment systems can
effectively reduce the burden of waterborne diseases in impoverished communities, the success of
adoption is dependent on the targeted group. This study highlights the significance of involving
community members when making the decision to scale up household water treatment devices in
rural areas for successful adoption.

Keywords: adoption; acceptance; household water treatment systems; long-term effectiveness

1. Introduction

Access to piped water supply through house connections is the ideal solution to counteract
water-related illnesses. Nonetheless, with the financial and political challenges faced by most
developing countries, coupled with the high capital and maintenance costs of piped supply systems,
centralized safe piped water is likely decades away for most developing regions [1]. According to the
WHO [2], an estimated 502,000 people die each year due to diarrhea as a result of drinking unclean
water. Early childhood death, especially in the poorest rural areas, is ascribed to an inadequate supply
of safe drinking water [3–9]. The WHO [10] has highlighted that properly managed water, sanitation,
and hygiene (WASH) services are an indispensable part of preventing disease and protecting human
health, especially during infectious disease outbreaks. It is of paramount significant for the government
to invest in water and sanitation systems in preparation for disastrous situations. The most important
aspect in improving public health is to provide communities with safe and clean water. Point-of-use
water treatment systems are, therefore, a solution to addressing water-related diseases which result
from the pollution of water sources.

175



Crystals 2020, 10, 872

Lack of access to piped water supply systems has forced most underserved rural dwellers of
developing countries to utilize common practices, such as water collection from any available source
(rivers, springs, community standpipes, and boreholes) and the storage of water in their homes.
In most cases, these communities store drinking water in jerry cans, buckets, drums, basins, or local
pots to maintain the supply in their homes [11–13]. Even if the drinking water is supplied through
piped systems in homes, it is not always available on a regular basis, and therefore the storage of
water is still a necessity. However, reports have highlighted that the contamination of safe drinking
water collected from a reliable source may happen during transport, handling, and storage, and this
has resulted in poor health outcomes [11,13–15].

In South Africa, despite the effort made by the government in terms of the provision of clean
water for all and the stipulations of “access to safe drinking water for all” in the South African
Constitution [16], access to a sustainable potable water supply is still lacking, especially in rural
areas [17]. In spite of reports highlighting that the country achieved the Millennium Development
Goal (MDG) 7, which aimed to halve the number of people without access to safe drinking water [18],
the survey conducted by Statistics South Africa in 2016 showed that almost 2.6 million of the 16.8 million
households surveyed did not have acceptable access to safe drinking water [19]. The South African
communities without an adequate water supply are left with no choice but to collect water from
any available sources, which may pose a health risk to their lives. The aim of the United Nations
Sustainable Development Goal (SDG) 6 is to ensure the availability and sustainable management of
water and sanitation for all [20]; however, water that meets the international standards for quality
might not be achieved due to financial, infrastructure, and human capital constraints.

The need to control waterborne diseases is of paramount importance to ensure the protection
of public health in rural areas of the developing world. Consequently, the scientific community has
developed a large number of household water treatment systems. These point-of-use (PoU) water
treatment technologies coupled with safe storage have long been proposed as a short-term solution
for the provision of safe drinking water and a reduction in the waterborne disease burden in rural
communities without access to improved water sources [21–24]. However, achieving the potential
of household water treatment systems (HWTS) depends not only on them being made available to
the target population but also on them being used correctly and consistently on a sustained basis.
Like most health interventions, HWTS must actually reach the target population with safe, effective,
appropriate, and affordable solutions. Nevertheless, this can be a formidable challenge, even for an
intervention such as a vaccine. Unlike vaccines, HWTS require people to use it on a daily basis to
provide maximum protection from waterborne diseases. Even occasionally, the drinking of untreated
water may cancel out the potential health benefits of HWTS [24,25]. Allowing the target groups to
understand the key characteristics, such as the perception of water quality and usefulness of HWTS as
well as added factors such as household income and/or parental education, are essential to enhance
the successful adoption of HWTS in developing countries. Thus, the challenge of implementing
HWTS lies in providing sustainable treatment methods that can be implemented in a wide range of
locations and that are accepted by the end-users. For that reason, this study was carried out between
April 2015 and March 2016 to investigate the long-term effectiveness of, attitude to, and acceptance
rate of two cost-effective household water treatment systems (biosand filter with zeolite-silver clay
granular (BSZ-SICG) and silver impregnated porous pot (SIPP) filters) by the Makwane community in
the Limpopo Province of South Africa.

2. Materials and Methodology

2.1. Ethical

This study was conducted taking into consideration the requirement of the ethics clearance
approved by the Faculty of Science Research Ethics Committee (FCRE) at the Tshwane University of
Technology (TUT), where the study was registered. Access to Makwane Village was obtained through
the local pastor and community leaders. Furthermore, authorization to conduct the study was also
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obtained from the municipal manager, the municipal councilor, and the local municipal committee.
All of the households that were selected for participation were given informed consent forms to
sign at the beginning of the project. The project expectations and respective obligations by both the
participants and investigators were explained and any questions were answered. The participants
were not subjected to risks of any kind as a result of the project.

2.2. Household Water Treatment Systems Description

The HWTS [35x BSZ-SICG and 55x SIPP filters (CSIR and Tshwane University of Technology,
Pretoria, South Africa)] in this study were modified and implemented in the Makwane community,
as previously described [26]. However, for the purpose of this study 70 HWTS (35 SIPP and
35 BSZ-SICG) were assessed for their adoption/acceptance and effectiveness in the Makwane community.
These two sets of HWTS assessed in this study were formerly tested for their ability to remove waterborne
pathogens [26] prior to being implemented in the Makwane community. In brief, the BSZ-SICG filters
consisted of layers of gravel, coarse sand, natural zeolite (Clinoptilolite) (Pratley minerals (PTY) LTD,
Johannesburg, Krugersdorp, South Africa), silver impregnated clay granular, fine sand, and two
diffusion disks (Figure 1). The natural zeolite particle size used in this study ranged between 1 and
3 mm, with a chemical composition of (Na,K,Ca)2-3Al3(Al,Si)2Si13O36·12H2O, and was used without
any modification. The SIPP filters consisted of a clay pot incorporating silver nitrite and inserted
inside a 5-liter plastic bucket, which was mounted on top of a 10-liter plastic bucket that was used as a
receiving container (Figure 1). Figure 2 shows the types of HWTS implemented in Makwane Village.
Both water filters were constructed by the Tshwane University of Technology with the help of the
CERMA Lab (CSIR, Pretoria, South Africa). The two sets of HWTS were found to produce water of
good quality prior to their implementation in Makwane Village. A total of 70 households committed to
participate in the study, and each of them was given one type of water treatment device (free of charge)
randomly. The follow-up was conducted on a weekly basis from the time of implementation for a
period of 12 months. In addition, one member of each household was trained on how to maintain the
HWTS depending on the type of treatment device given. Briefly, the BSZ-SICG filters were maintained
by removing all the layers and washing them individually, and the layers were allowed to dry before
being packaged back into the device (Figure 3). In contrast, the SIPP filters were washed by rinsing
off the ceramic pot to avoid clogging. In addition, households were given 2 × 25 L (one improved
storage container with a spigot installed 5 cm from the bottom and an unimproved storage container
without a spigot) for the storage of treated water. The cleaning of the filters was performed by the
householders when necessary, and this also depended on the volume of water filtered.

 

B A 
Figure 1. Schematic representation of the Biosand-zeolite silver impregnated clay granular (BSZ-SICG)
(A) and Silver-impregnated porous pot (SIPP) (B) filters showing all layers within the device. Adapted
from [26].
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Figure 2. The Household water treatment systems (HWTS) implemented in Makwane Village;
(A) BSZ-SICG filter and (B) SIPP filter.

 

 
Figure 3. Maintenance of the BSZ-SICG filter implemented in Makwane Village. (A) Training of one of
the householders on how to wash the layers of the BSZ-SICG filter; (B) all five layers after being washed
(gravel, coarse sand, fine sand, natural zeolite, and silver-impregnated clay granules); and (C) filtered
water after the washing of the BSZ-SICG filters.

2.3. Data Collection

The cohort study was conducted between 2015 April and 2016 March (12 months) subsequent to
the deployment of the HWTS devices in Makwane Village. Prior to the implementation, a questionnaire
was used to collect information on the community, such as level of education, level of employment,
and knowledge about PoU water treatment systems. To determine the long-term effectiveness and
acceptance rate of HWTS in this village, a survey questionnaire in combination with observations
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was used to collect information such as (1) “How often do they treat their water with implemented
HWTS?”, (2) “How do they store treated water?”, (3) “How often do they wash the storage containers?”,
and (4) “Are they willing to buy one of the HWTS?”. A scale of 1 to 10 was used (with 10 being the
highest and 1 the lowest score) to determine the knowledge of water treatment methods, whereby good
knowledge was assigned a score of 7 to 10, fair knowledge a score of 4 to 6, and poor knowledge a score
of 3 or less. For the determination of the long-term effectiveness, the HWTS devices were assessed
in terms of their performance in flow rate to supply the required water volume of 25 L/person/day,
in removing pathogenic bacteria (Escherichia coli (E. coli)) and turbidity from untreated water sources,
and the level of silver leaching into the treated water over a period of 12 months. Observations and
questionnaires were used for determining the number of filters still in use during the study period
and the reasons for not being in use (for those that were not in use). All the surveys were conducted
in Sepedi, which is the local language of the target community. The respondents included in this
study were aged between 17 and ≥37 years and were unemployed during the period of the study,
and they were therefore always available to answer the questions. The survey was conducted in
all 70 households which showed interest in using the HWTS devices deployed by the TUT Water
Research Group.

2.4. Water Quality Assessment

In each household, the flow rates, turbidity, microbial quality of water (E. coli), and leaching
of silver into the final drinking water were assessed during weekly visits. In brief, the turbidity
level of the water samples before and after filtration was determined using a portable turbidity meter
(2100P Hach). The turbidity reduction percentages achieved by both HWTS were calculated using
Equation (1). The flow rates of both HWTS were measured by recording the volume of water collected
from all devices after a period of 1 hour, and calculated using Equation (2). Moreover, the concentration
of silver in water treated by both HWTS was monitored on a weekly basis throughout the study period.
The SPECTRO ARCOS ICP spectrometer (SPECTRO Analytical Instruments (Pty) Ltd., Kempton Park,
Johannesburg, South Africa) was used to detect and determine the concentration of silver in the treated
water samples.

% turbidity reduction =
turbidity un f iltered− turbidity f iltered

turbidity un f ildered
X 100 (1)

Flow rate o f HWTS =
Volume o f water f iltered

Time (1 hour)
(2)

The enumeration of presumptive E. coli before and after treatment was conducted using standard
methods (APHA, 2001). Briefly, the spread plate technique was used in this study, whereby a 250 µL
aliquot of each water sample (untreated and treated) was spread on MacConkey agar plates (Merck,
Johannesburg, South Africa). The plates were then incubated overnight at 37 ◦C, and thereafter
presumptive E. coli colonies were counted and recorded as colony-forming units per milliliter (CFU/mL).
The arithmetic mean Log bacterial reductions were calculated using Equation (3) and were converted
to the E. coli percentage removed (Equation (4)), as previously described by [27]:

Log reduction = (Log10 bacterial counts be f ore f iltration

−Log10 bacterial counts a f ter f iltration)
(3)

% E. coli removal = 100−
survival counts

initial counts
(4)
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3. Results

3.1. Level of Education in Makwane Community during the Study Period

Table 1 below provides a summary of the level of education in the Makwane community during
the study period. The results revealed that most of the Makwane community were uneducated,
with only 4.3% of the households surveyed either having a tertiary qualification or still being at
university/college. Of all the surveyed households, 52.9% had dropped out of secondary/high school,
while 31.4% dropped out of primary school. Moreover, 11.4% of the surveyed households did not
attend school.

Table 1. Level of education in the Makwane community during the study period.

N = 70

Category Frequency Percentage

Primary school 30 31.4
Secondary/high school 47 52.9

Tertiary institution 3 4.3
None 8 11.4

3.2. Level of Employment in Makwane Community during the Study Period

The results of the survey revealed that most of the Makwane community were unemployed and
they depended on social welfare grants (54.3%) and other sources of income (5.7%). Only 4.3% of the
Makwane community had professional jobs during the study period, while 35.7% had non-professional
jobs. All the results are illustrated in Table 2 below.

Table 2. Level of employment in the Makwane community during the study period.

N = 70

Category Frequency Percentage

Employed Professional jobs 3 4.3
Non-professional jobs 25 35.7

Unemployed Social welfare grant 38 54.3
Other 4 5.7

3.3. Knowledge of Water Treatment Methods and Practice in Makwane Village Prior to the Implementation
of HWTS

The results of the survey revealed that the majority (65.9%) of the households knew about
household water treatment methods (boiling and use of liquid bleach) and 34% of the community
members had no knowledge of any household water treatment (HWT) methods. Furthermore,
the results revealed that almost the entire community did not treat their drinking water prior to use
(81%). Of all the surveyed households of Makwane community, only 11% were found to treat their
drinking water with liquid bleach, while 8% used the boiling method. Figure 4 depicts the results of
the water treatment methods used by the Makwane community.

3.4. Relationship between the Knowledge of Water Treatment Methods and Selected Demographic Profiles Prior
to Implementation

Table 3 shows the results of the relationship between the knowledge of water treatment methods
practiced by the Makwane community and the selected demographic profile. The results showed a
relationship between the age of the participant/household and the knowledge of the water treatment
methods. It was found that 57% of the group aged 32–36 years had a good knowledge of the household
water treatment methods used in Makwane Village, as compared to the age group of 17–21 years
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(22.1%). Moreover, the level of education was also found to be associated with knowledge of water
treatment systems. Participants/households with a secondary/high school qualification (77.1%) were
found to be more knowledgeable about the treatment methods as opposed to participants/households
with a primary school education (8.6%). Almost none of the participants/households with a primary
school education (81.8%) knew about the water treatment methods used in the Makwane community.
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Figure 4. Water treatment methods practised in the households of Makwane Village during the
study period.

Table 3. Relationship between the knowledge of practised household water treatment methods and
selected demographic profiles in Makwane Village prior to the implementation of HWTS.

Variables
Knowledge of Boiling and Liquid Bleach Methods

N = 70

Age Group
Good Fair Poor

Frequency (%) Frequency (%) Frequency (%)

17–21 2 (22.1) 1 (11.1) 6 (66.7)
22–26 8 (44.4) 3 (16.7) 7 (38.9)
27–31 7 (50) 2 (14.3) 5 (35.7)
32–36 12 (57) 5 (24) 4 (19)
≥37 3 (37.5) 1 (12.5) 4 (50)

Level of education
Primary 3 (12.5) 3 (12.5) 18(75)

Secondary/High school 27 (71.1) 8 (21.0) 3 (7.9)
Tertiary level 3 (100) 0 (0) 0 (0)

none 2 (40) 2 (40) 1 (20)

3.4.1. Number of Household Water Treatment Systems in Use during the Study Period and Reasons for
Not Being in Use for the Determination of Acceptance Rate

Table 4 provides a summary of the results obtained during visits to the Makwane community.
The number of HWTS devices in use was obtained through observations during sampling, while the
reasons for not being in use were obtained through a questionnaire. The results revealed a greater loss
of interest in using the BSZ-SICG filters in the village, from 35 systems (100%) during the first three
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months of the study down to five systems (20.0%) during the last three months of the study. Moreover,
the reasons for the BSZ-SICG filters not being in use were almost the same, with the majority of
the households indicating that the water had a bad smell. In contrast, the results indicated that the
decrease in the use of the number of SIPP filters (from 35 (100%) to 19 (54.3%) filters) was due to the
filters being damaged.

Table 4. Number of household water treatment systems in use throughout the study period and the
reasons for not being in use.

Assessment Period
Bsz-Sicg Filters

N = 35
Sipp Filters

N = 35
Reason for Not in Use

April–June 2015 35 (100%) 35 (100%) N/A

July–September 2015 29 (82.9%) 35 (97.1%) BSZ-SICG: Water had bad smell. SIPP: Filters
got damaged.

October–December 2015 16 (45.7%) 22 (66.9%)
BSZ-SICG: Bad smell, no time for maintenance

(time consuming), broken spigot. SIPP:
Damaged.

January–March 2016 07 (20.0%) 19 (54.3%)
BSZ-SICG: Bad smell, time consuming during
maintenance, no time for treating water. SIPP:

Damaged, flow rate too slow (time consuming).

3.4.2. Survey Subsequent to the Implementation of the HWTS Devices in Makwane Village for the
Determination of Acceptance and Adoption Rates

A survey was conducted using a questionnaire subsequent to the implementation of the HWTS
devices in order to determine the acceptance and adoption rate. The results (Table 5) revealed that the
majority of the Makwane community members used the implemented HWTS only when they needed
to use water (77.1%). The results further showed that even though they treated the water, 72.9%
stored treated water in other storage containers (any available containers other than the improved
or unimproved containers they received) rather than in the improved storage containers (11.4%).
Moreover, the results highlighted that the majority of the community washed their storage containers
only when dirt was visible (80%). It was also shown that, of the two HWTS devices (SIPP and
BSZ-SICG filters) implemented in Makwane Village, the majority of the community members preferred
the SIPP filter (80%) to the BSZ-SICG filter (20%). Nonetheless, the majority of the community members
showed no willingness to purchase either of the two HWT devices (84.3%).

Table 5. Responds obtained during the survey subsequent to the implementation of HWTS in Makwane
community.

Survey Questions
Participant’s Responds

N = 70

How often do they treat their
water with implemented HWTS?

When needed 54 (77.1%)
On a daily basis 4 (5.7%)

Never 12 (17.1%)

How do they store treated water?
Improved storage container 8 (11.4%)

Unimproved storage container 11 (15.7%)
Other 51 (72.9%)

How often do they wash the
storage containers?

When dirty (visible dirt) 56 (80%)
Once a week 8 (11.4%)

Never 6 (8.6%)

Are they willing to buy one of the
HWTS?

Yes 4 (5.7%)
No 59 (84.3%)

Not sure 7 (10%)
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3.5. Long-Term Effectiveness of the HWTS Based on Their Performance

3.5.1. Long-Term Effectiveness Based on the Flow Rate and Turbidity Removal

Figure 5 below depicts the long-term effectiveness of the flow rate and the turbidity removal of
the BSZ-SICG and SIPP filters for the period of the study (12 months). The results revealed that the
flow rates of both water treatment systems were fluctuating. This was because of the maintenance
(washing) of the systems (Figure 3). The flow rates were shown to have decreased from 38.7 and
27.5 L/h to 17.6 and 18.4 L/h for the BSZ-SICG and SIPP filters, respectively. The results for turbidity
removal showed a gradual decrease from 99.5% to 95.2% for SIPP filters, while for the BSZ-SICG filters
there was a rapid decrease (98.6% to 63.5%).
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Figure 5. The arithmetic mean turbidity reduction (%) and flow rate in L/hour of the BSZ-SICG and
SIPP filters versus time in months.

In addition, Table 6 showes the arithmetic mean results of the efluent and inffluent turbidity.
The turbidity of the influent was found to be high form April (86.7 NTU) to September (26.82 NTU)
and started to decrease from October (12.24 NTU).The turbidity for both water treatment devices was
found to be within the recommended limit of less than 5 NTU for drinking water.

Table 6. The arithmetic mean results of the influent and effluent turbidity during the study period.

Time in Month Influent Turbidity (NTU)
Effluent Turbidity (NTU)

SIPP Filters BSZ-SIGC Filters

April 86.7 0.43 1.21
May 66.9 0.33 2.94
June 65.0 0.65 4.68
July 33 0.40 3.3

August 28.67 0.43 3.67
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Table 6. Cont.

Time in Month Influent Turbidity (NTU)
Effluent Turbidity (NTU)

SIPP Filters BSZ-SIGC Filters

September 26.82 0.54 4.8
October 12.24 0.23 2.57

November 16.67 0.47 3.95
December 15.75 0.49 4.33

January 12.33 0.47 3.7
February 13.37 0.57 4.68

March 13.42 0.64 4.9

3.5.2. Long-Term Effectiveness Based on the E. coli Removal Efficiency and Leaching of Silver in
Treated Water

Figure 6 illustrates the continuous removal of E. coli and the level of silver leaching into treated
water. During the deployment of the HWTS devices, the BSZ-SICG and SIPP filters were shown to
have an E. coli removal efficiency of 99.99% and 100%, respectively, and the leaching of silver for both
the filters was within the standard limits set by the WHO (0.1 mg/L). However, the removal of E. coli

by BSZ-SICG was characterized by fluctuations, while a progressive decrease in silver concentrations
was observed between April and December; thereafter, no silver residual was detected for the rest
of the study period. Overall, it was noted that the performance of the BSZ-SICG increased after it
was washed at three-month intervals. The efficiency of SIPP filters at removing E. coli remained
almost constant from April to December, even though the silver concentration decreased progressively.
On the 12th month, the SIPP filters showed to be more effective in removing E. coli (96.6%) compared
to the BSZ-SICG filter, which showed a decrease of up to 50.2%. Furthermore, over the period of
12 months, the concentration of silver leaching from the filters was observed to be very low, less than
0.002 mg/L for both the BSZ-SICG and SIPP filters.
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4. Discussion

Household water treatment coupled with safe storage has long been proposed as an interim solution
for the provision of safer drinking water and a reduction in the burden of water-related disease [28].
However, the adoption of HWTS is dependent on the user’s preferences. This study assessed the
adoption/acceptance rate and the long-term effectiveness of the cost-effective HWTS implemented in
the Makwane community. The first approach of this study was to determine the educational and
employment level and to assess the knowledge and adoption of water treatment methods practised by the
Makwane community. The results of the survey highlighted that the majority of the community members
had dropped out of secondary school (52.9%), with only 4.3% of the members having completed tertiary
education (Table 1). The high drop-out percentage observed in this study might have contributed to the
low adoption rate of known water treatment methods by Makwane community members due to lack of
knowledge. In addition, it was also found that more than half (54.3%) of the households in Makwane
community depended on social welfare grants (Table 2). The government’s intervention is required to
subsidize underserved communities with HWT devices in order to improve the health status of rural
communities which have no access to a piped water supply.

It was further highlighted in this study that most of the people in the Makwane community
were knowledgeable (65.9%) about other methods of treating water at PoU (i.e., boiling and the use
of liquid bleach). However, the results showed that only 19% of the Makwane community were
applying those methods at PoU (Figure 4). In most cases, the reasons for adoption were dependent
on the user’s interests and preferences. Furthermore, in order to understand the reasons of why the
Makwane community members were not using the known methods to treat their water before drinking,
the participants were asked a number of questions. Some of the reasons given by participants for not
using the PoU methods are as follows: (i) Affordability—most of them are unemployed; the limited
income from the government grant does not allow them to purchase the liquid bleach that is used
for the treatment of drinking water in the dwellings. Although the liquid bleach might be seen to be
inexpensive to others, it might be expensive to rural dwellers who solely depend on social grants.
(ii) The lack of energy supply in dwellings (it takes a lot of energy to boil water and it is exhausting
to fetch firewood from the forest). (iii) The majority of the community members have a perception
that their water is clean; therefore, it is not important to treat it before use. In spite of this overall
perception, some respondents were aware of the fact that their water is of poor quality, but they could
not treat it because they could not afford to purchase the liquid bleach. These findings show that there
is still a dire need to educate rural dwellers about the importance of treating water before use.

Furthermore, to ascertain the determining factor that might have contributed to the low adoption of
household water treatment methods (boiling and the use of liquid bleach) by the Makwane community,
selected demographic features were compared with the knowledge of household water treatment methods.
The participants were grouped according to their age, and it was found that the participants of the age
group 32 to 36 years had a good knowledge (57%) of HWT methods used by the Makwane community as
compared to the other age groups (Table 3). This could be related to the fact that most of the participants
in this age group had matric and some had tertiary education, which implies that education is a powerful
tool in the community and can save lives in vulnerable populations. In addition, the relationship
between the level of education and knowledge of the HWT methods was also determined. The results
showed that people with a tertiary education were highly knowledgeable (100%) about the methods of
treating water at PoU, follwed by the group with a secondary education (71.1%). These results, therefore,
prove that education plays a vital role in the community. The level of education can therefore be a
contributive factor to accelerate the adoption rate for HWTS in ruralcommunities.

The reasons for the poor acceptance of water treatment technologies are quite complex and
understudied [29–31]. In this study, various determinant factors including questionnaire responses
and selected demographic characteristics were used to determine the adoption and acceptance rate
of the household water treatment systems. The results of the survey revealed that all the Makwane
community accepted the installation (100%) of both HWTS devices (Table 4). However, after three
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months of implementation, it was observed that some of the households had stopped using the
devices. One of the reasons given by the participants who had withdrawn was that the spigots were
broken and they could not replace these because of their lack of jobs. Other reasons given were that
the BSZ-SICG produced water with a bad smell and that it takes time to treat water. According to
Walch (1992), biofilm formation in drinking water systems can influence the taste and odor of drinking
water. Therefore, the bad smell of drinking water produced by the BSZ-SICG filter in this study
can be attributed to the formation of biofilm on the inner surface of the filter due to the fact that the
householders were not using these systems on a daily basis. Nonetheless, the importance of the taste
and smell of drinking water has been previously highlighted [29,32,33]. In a study by Wright and
co-authors (2012), some respondents reported that the water was tasteless, while others described
the water as bitter. This feedback clearly indicates the participants’ preference for drinking water to
have a taste similar to that of untreated water [33]. It is therefore of utmost importance to address this
sensitive aspect for a successful acceptance of water treatment technology interventions.

Although the community accepted the HWTS, they were not utilising them fully, as it was observed
that only 5.7% treated their water on a daily basis, while 77.1% treated their water only when needed
(Table 5). Previous studies have shown that only those households that regularly treat their water will
experience the maximum health benefits of household water treatment methods [34]. However, it has
been reported that households often do not treat water regularly and even abandon household water
treatment methods over time [25,35,36]. The results of this study therefore corroborate the findings
of those earlier studies. Moreover, more than three quarters of those community members who were
treating their water were found to store it in other containers (72.9%) rather than in the improved
containers (11.4%) provided to them. As a result, this inappropriate practice could cancel the health
benefits of the HWTS devices. It was highlighted in the literature that the microbiological quality of
water deteriorates in homes during storage due to unhygienic practices of storing water in homes [37–39],
leaving the water unsafe for human consumption [37,38,40]. Moreover, the results of the survey in this
study showed that 80% of the participants washed their storage containers only when dirt was visible.
This could contribute to the formation of the biofilm on the inner surface of storage vessels, which
has been reported to offer a suitable medium for the growth of microorganisms and consequently to
contribute to the deterioration of drinking water quality in homes [41,42]. The results thus indicate that
there is still a need for educating rural dwellers on good hygiene practices in the home for better health.

In order to determine the adoption rate of the HWTS, the systems must first be accepted. Moreover,
the acceptance of the systems by the users does not mean that they will automatically adopt them.
In this study, the adoption rate was determined by the number of HWTS devices that were still in use
during the last month (12th) of the survey. It was found that the rate of adoption for the BSZ-SICG
(20.8%) and SIPP (54.3%) filters differed (Table 4). The variation in adoption rates for the two HWTS
devices could be attributed to the users’ preferences based on the appearance and portability of the
systems. The SIPP filters were much lighter compared to the BSZ-SICG filters, therefore it was very
easy for the users to carry them and to maintain these filters (maintenance in terms of cleaning the
system), unlike the BSZ-SICG filters, which are heavy. This aspect added to the preferences of the
users. Moreover, in addition to the preferences, willingness to purchase the HWTS was also found to
contribute to the adoption rate. When the participants were asked which HWTS device they preferred,
most of the respondents (80%) indicated that they preferred the SIPP filter, while 20% preferred the
BSZ-SICG filter. This further proves that the appearance and portability of HWTS are of crucial
importance during implementation. However, when the participants were asked whether they would
purchase any of these HWTS devices in future, 84.3% said no, while only 5.7% said yes (Table 5).
This could have been influenced by the lack of sufficient income due to the high unemployment
rate in the village (60%), which contributed to the community’s inability to afford the devices. These
findings show that there is a dire need for the governments in African countries to subsidise household
water treatment systems or collaborate with non-governmental organisations and the private sector in
manufacturing and implementing HWTS devices in underserved communities.
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The key factors influencing the sustainable use of HWTS devices are the acceptance and adoption
rate by the end-users. In this study, however, the long-term effectiveness was determined by the flow
rate produced and turbidity reduction achieved by these HWTS devices during the study period of
12 months. The flow rate of the HWTS can play a role in acceptance and adoption of the systems
by the users simply because of the large quantity of water produced and the fact that it saves time.
Upon implementation, the flow rate of the BSZ-SICG filter was 38.9 L/h and that of the SIPP filter
was 27.5 L/h; the amount of drinking water produced was thus within the recommended limits
of 25 L/person/day set by the WHO (2006). The flow rate of both the systems was observed to
decrease over time, and‘ during the third month of the survey, the flow rate of the BSZ-SICG and
SIPP filters decreased to 27.2 and 24.2 L/h, respectively (Figure 5). The decrease in flow rates for
the BSC-SICG was caused by the fine sand which accumulated at the bottom of the water treatment
systems, while the decrease in flow rates for the SIPP filters was found to be caused by clogging
caused by small/fine particles found in the source water. These findings were in line with the findings
of previous investigators [43], who found that the flow rates of the BSF-S and BSF-Z declined after
filtering 40 L of a water sample. The BSZ-SICG filters were washed during the third month of being
in use when the flow rate was at 27.2 L/h, and a drastic increase in the flow rate to 37.4 L/h was
observed. Moreover, the SIPP filters also showed a decrease in the flow rate; however, the decrease
was slower than that of the BSZ-SICG. The SIPP filters, unlike the BSZ-SICG filters, were washed
(Figure 5) during the fourth month of being in use and they showed an increase in flow rate to 25.6 L/h.
In addition, the results in this study showed that decreases in flow rates has a negative influence on
the turbidity of inffluent (Table 6). Futhermore, it was noted that the turbidity of the influent was very
hihg between April and September, and start to decrease from October. In most cases, the influent
turbididy variation is attributed to change in seasons whereby, it is reported to be mostly high in
wet seasons [44]. However, in this study, the decrease in influent turbidity from October was due to
sedimentation, as the householders where adviced to allow their water to settle before filterring for
the effective results. Moreover, the turbidity of the effluent was found to decreases subsequent to the
washing of the water treatment devices. This, however, was noted in the BSZ-SICG filters, whereby
the decrease in turbidity was attributed to the fine sand that penetrates all the layers to the bottom of
the device. These findings imply that the BSZ-SICG and SIPP filters must be washed every two to
three months of being in use, depending on the amount of water filtered and the quality in terms of
turbidity for the production of safe clean drinking water.

Moreover, the long-term effectiveness of the systems in this study was also measured by the
ability of HWTS to remove E. coli from source water and the level of silver leached in treated water
(Figure 6). Although cleaning/maintenance of the BSZ-SICG filters was shown to have a positive effect
on increasing the removal efficiency of E. coli from source water, the percentage removal of E. coli

was shown to gradually decrease with a decrease in the silver concentration. These results simply
imply that the silver concentrations in HWTS have a significant effect in removing E. coli from source
water, provided that the water treatment devices are maintained. Furthermore, the decrease in the
flow rate of the HWTS was found to have a negative impact on the E. coli removal efficiency. Thus,
it was observed in this study that when the flow rate decreased, the E. coli removal efficiency of the
HWTS also decreased. During implementation, the E. coli removal efficiency of the BSZ-SICG filter
was 99.99%, but it decreased to 79.6% after three months of use, and then again increased to 96.9%
during the fourth month after being washed. The presence of E. coli in the treated water was attributed
to the accumulation of fine sand at the bottom of the systems, which was removed by washing the
systems. Furthermore, the E. coli removal efficiency of the BSZ-SICG filter gradually decreased as
the silver concentration was depleted in the systems (Figure 6). These findings further prove that,
with proper maintenance (the washing of the HWTS), the BSZ-SICG filters can produce safe drinking
water and continue to save lives in vulnerable communities. In contrast, the washing of the SIPP
filters did not have any effect on the E. coli removal efficiency, as the results showed continuous and
gradual decrease in the E. coli % removal even after washing the filters.
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5. Conclusions

In this study, the acceptance/adoption rate together with the long-term effectiveness of the HWTS
implemented in Makwane Village was determined. It was found that the user’s preference is the
key factor in enhancing the acceptance and adoption rate of HWTS devices in communities. It is
thus vital for consumera’ preferences, choices, and aspirations to be taken into consideration for a
successful scale-up of HWTS in underserved communities. Above all, finance was found to play a
major role in the adoption rate, as it was noted in this study that the majority of the community
showed no willingness to purchase HWT devices in the future due to the high unemployment rate in
the community. The intervention of the government is therefore needed for subsidizing HWTS in
impoverished rural communities. In addition, the life span of the HWTS depends on the maintanance
of the devices; thus, the microbiological quality of water deteriorates over time when the BSZ-SICG
filters are in use and improves when the filters are washed. However, the washing of the SIPP filters
did not have an impact on the quality of water. Maintenance, therefore, plays a key role in the long-term
effectiveness of the HWTS. Consequently, it is important to train the users on how to maintain the
HWTS devices for sustainable use.
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