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Abstract

Two composites based on a Zn>* exchanged natural clinoptilolite and ZnO nanoparticles were
obtained by mechanosynthesis and ‘iz sitt” methods. Characterization of resulting materials was
carried out using XRD, Raman spectroscopy, TGA, FE-SEM and N, adsorption. XRD results showed
that no significant changes in the crystalline structure of the zeolite took place due to the performed
treatments. Thermogravimetric behaviour indicated a high thermal stability for all samples. Raman
spectra exhibited the characteristic bands for clinoptilolite zeolite and ZnO reported in the literature
and the RRUFF database. Morphology changes were observed between natural and exchanged
clinoptilolite and the ‘in situ” obtained composite. Textural analysis showed a decrease in surface area
of ‘in situ’ composite compared with the exchanged zeolites, related to the partial nanoparticle
deposition in the pore entrances. The adsorption studies of methylene blue in the zeolitic samples and
composites showed that all evaluated materials were able to absorb the dye from aqueous solutions.

1. Introduction

Composite materials can be defined as two or more different materials that when combined result in a material
with properties that exceed those of the individual components [ 1-3]. A nanocomposite is a composite or
multiphase material where one of the phases has one, two or three dimensions less than 100 nm [4]. This
definition includes porous media, colloids, gels and copolymers; but it is more common to combine a solid that
acts as a matrix and a phase (or more) nanometer scattered in the matrix. The complex interaction of the
nanostructured heterogeneous phases conduces to interesting properties in the nanocomposites [5].
Nanocomposites are used in many applications, such as in biomedicine, electronics and environmental
remediation. Therefore, the study of nanocomposite materials is a fast-growing area of research [4, 6, 7].

Zeolites are the most important group of hydrated aluminosilicates which are characterized by a complex
three-dimensional framework of linked tetrahedral, leading to the presence of open cavities in the form of
channels and cages, which are usually occupied by H,O molecules and extra-framework cations. Each
tetrahedral consists of four oxygen atoms surrounding a tetrahedral atom (T) usually Si and Al. The peculiar
structure of the zeolites gives these materials excellent properties such as ion exchangers, adsorbents and
catalysts, which is why they have been used in a wide field of applications [8].

Nanoparticles are particles that exist on a nanometer scale (i.e., below 100 nm in at least one dimension).
They can possess physical properties such as uniformity, conductance or special optical properties that make
them desirable in materials science and biology. ZnO nanoparticles (ZnO NPs) are been widely explored due to
their antifungal, catalyst and adsorbent properties [9—11]. Recently, ZnO NPs have been evaluated in CH, and
CO, separation and adsorption [12].
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Methylene Blue (MB) is a dye usually used by chemical, printing and textile industries, which causes water
contamination hazardous to human and animal health [13]. Therefore, its recovery from industrial wastewater
by using different methods is much studied. Traditional treatment methods have been used to remove organic
pollutants such as: adsorption on activated carbons and zeolites, as well as, disinfection by-products [14-16].
MB adsorption have been evaluated by using clays minerals, zeolites, red mud, graphene, among others
materials [17-19]. The photodegradation of methylene blue has been also very studied [20-22]. It has been
reported the use of different semiconductor metal oxides like TiO,, CuO and ZnO, either alone or supported in
porous materials for such purpose [23-26].

In this paper, mechanosynthesis and ‘i situ’ methods are used for obtaining composites based on Zn*"
exchanged natural clinoptilolite and ZnO nanoparticles. Mechanosynthesis is a mechanical-assisted process
where chemical changes are achieved by the action of grinding (or milling), without the addition of solvents,
therefore is environmental friendly [27]. In our case, the mechanosyntesis was carried out by grinding together
the zeolite with previously synthesized ZnO nanoparticles. In the ‘in situ” method the nanoparticles are
synthesized directly over the zeolitic matrix. Structural characteristics, topology and porosity of the obtained
materials are discussed and compared with parent clinoptilolite in order to evaluate their future applications in
catalysis, gases capture and residual wastewater treatment. In this sense, a preliminary study of MB adsorption
from aqueous solutions was also carried out.

2. Experimental

2.1. Reagents

Sodium chloride (NaCl, ACS reagent, >>99.0%), zinc nitrate hexahydrated (Zn(NO3), x 6H,0, reagent grade,
98%), zinc acetate dihydrated (Zn(O,CCH3), x 2H,0, ACS reagent, >>98%), oxalic acid (H,C,O,, ReagentPlus®,
299%) and sodium hydroxide (NaOH, ACS reagent, >>97%) were purchased from Sigma-Aldrich and were
used without further purification. Methylene blue (C,sH;3CIN;S x nH,0, n = 2-3, Reag. Ph Eur) and ethanol
(C,H50H, absolute EMPLURA®) were purchased from Merck.

2.2. Pre-treatment of clinoptilolite sample

Clinoptilolite with general formula (Na,K,Ca; /,)6[AlSiz0O7,] x 24H,0 [28] from Tasajeras deposit, Villa Clara,
Cuba, was used in this work. The zeolite was previously dry sieved using a sieve battery. The fraction of particle
size between 56-71 pum was selected. Purification of natural clinoptilolite was performed by three washes steps
with distilled water during 4 h at room temperature and magnetic stirring followed by three washes steps using
the same procedure but at 80 °C. Subsequently, the exchange with 1 M sodium chloride (NaCl) solution was
carried out at 100 °C for 8 h, using a solid /liquid ratio of 1 g/5 ml. Na™ exchanged clinoptilolite (Na-cli) was
washed several times to remove the excess of chloride and then was exchanged with 0.1 M zinc nitrate
(Zn(NO3),), similarly to the sequence previously explained. The obtained sample (Zn-cli) was washed
repeatedly with distilled water to remove the nitrate ions. Finally, the sample was dried at 100 °C overnight.

2.3. Obtaining of ZnO nanoparticles

ZnO nanoparticles were synthesized by dissolving 1.0952 g of zinc acetate Zn(O,CCH3), in 30 ml of ethanol at
60 °C. Subsequently, 1.2600 g of oxalic acid (H,C,0,) were dissolved in 20 ml of ethanol at 50 °C. The oxalic acid
solution was added slowly under stirring to the hot ethanolic solution of zinc acetate. The white gel formed was
dried at 80 °C during 20 h. The xerogel was calcined at 600 °C during 2 h to obtain the ZnO nanoparticles [12].

2.4. Obtaining of composites

For mechanosynthesis about 500 mg of Zn-cli and 100 mg of ZnO nanoparticles (5:1 ratio) were grinded in an
agate mortar with an agate pestle at room temperature for 30 min. The obtained composite was labelled as Zn-
cli/ZnO NPs (mechanosynthesis). For ‘in situ” synthesis about 1 gram of Zn-cli was dispersed in 20 ml of distilled
water at room temperature under stirring. Sodium hydroxide (NaOH) 1 M solution was added drop by drop
until the dispersion reach apH = 12 and then it was leaved to react for 2 h at room temperature. After this time
the suspension was filtered and the solid was dried at 60 °C overnight. Finally, the sample was calcinated at 300
°C during 2 h. The obtained composite was denoted as Zn-cli/ZnO NPs (‘in situ’).

2.5. Characterization

X-ray powder diffraction patterns of the samples were taken on a Rigaku Ultima IV diffractometer, using nickel-
filtered CuKa x-ray source at a scanning rate of 0.0200° seg ' over the range between 5.0° to 80.0°. The powder
diffraction patterns were indexed with impurity peaks using the program DICVOLO04 [29] to a monoclinic lattice
and M20 = 34.7[30]. A Le Bail fit [31] was carried out using the program FullProf [32] and confirmed the lattice
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found. The Le Bail agreement factors for Na-cli were: Bragg R-factor = 1.09, Rf-factor = 0.818 and
Chi* = 3.17 and for Zn-cli were: Bragg R-factor = 13.7, Rf-factor = 5.44 and Chi* = 3.92. ZnO NPs XRD was
compared with the zinc oxide (ZnO) ICCD PDF 36-1451 [33].

Raman spectra were collected from a randomly oriented crystal on a LabRAM HR Evolution microRaman
spectrometer system, using a 532 and 633 nm laser excitation and a spectral resolution of 1 cm ™" with a
thermoelectric cooled CCD detector.

Thermogravimetric analysis curves were obtained with a Shimadzu TGA-60 thermogravimetric analyzer
(Shimadzu Inc. Kyoto, Japan), using alumina pan, flowing nitrogen at 150 ml min~', and a heating rate of 5 °C
min~" from room temperature to 600 °C. Measures were collected and processed with TA60 software associated
to the analyzer. About 10 mg of each samples in powder form were used as initial mass for the thermogravimetric
analysis.

Morphology study of the starting compounds as well as the resulting composites was carried out using a
ZEISS Sigma model Field Emission Scanning Electron Microscope (FE-SEM). Samples were recovered with
platinum. The determination of the particle size for the ZnO nanoparticles, was carried out using Image] version
1.38 x software. The particle size data was fitted assuming a normal probability density function. The adjusted
was based on a count of 150 individual nanoparticles.

N, adsorption-desorption isotherms were collected at 77 K as a function of relative pressure P/ P, over the
range 0f 0.01-0.99 by using a Micromeritics ASAP 2020 volumetric adsorption analyzer. Samples were
outgassed at 250 °C for 12 h under vacuum prior to each measurement. Specific surface areas (Spg7) of all
materials were calculated according to the Brunauer-Emmett-Teller (BET) method using adsorption data in the
relative pressure P/P, range of 0.05-0.2 [34]. The total pore volumes (V) were estimated from the amount
adsorbed at the relative pressure of 0.98. The pore size distribution (PSD) was calculated by using the improved
Barrett-Joyner-Halenda (BJH) model evaluated from the desorption branch [35].

2.6. Preliminary study of methylene blue adsorption

Methylene Blue (MB) adsorption was studied by mixing 250 mg of Na-cli, Zn-cli, Zn-cli/ZnO NPs
(mechanosynthesis) or Zn-cli/ZnO NPs (‘in situ’) and 80 ml of a MB solution of concentration 2 mg1~', and
keeping in contact for 45 min. The system was covered with aluminum foil to avoid light incidence. Aliquots of
about 5 ml were collected at: 5, 10, 15, 20, 30 and 45 min, to determine MB concentration by UV-Vis
spectroscopy. The measurements were performed using an UV-Vis 1800 Spectrophotometer from Shimadzu at
awavelength of 700 nm. After 45 min the supernatants were decanted and the solid was dried at 40 °C (to avoid
thermal decomposition of the dye) and analysed by Raman spectroscopy.

3. Results and discussion

3.1. Characterization of the starting materials and the composites

X-rays diffraction (XRD) patterns of Na-cli, Zn-cli, ZnO NPs and composites Zn-cli/ZnO NPs obtained by
mechanosynthesis and ‘in situ” methods are shown in figure 1 while table 1 resumes the cell parameters for the
starting materials.

Clinoptilolite (which belong to the heulandite framework type) crystallizes in monoclinic system [28]. The
monoclinic crystalline system was confirmed by the Le Bail method for Na-cli, Zn-cli and the obtained
composites in agreement with previous reports [28]. Therefore, there were no changes in the crystalline
structure due to the incorporation of the nanoparticles by both methods. As the zeolite used is a material of
natural origin, the presence of other phases, such as mordenite and quartz, can be observed in the diffractograms
of the parent zeolites (Na-cli and Zn-cli). The diffraction maxima of contaminant quartz phase (which should be
unaffected by the purification, ion exchange and nanoparticles inclusion) were also observed in the patterns of
the composites. In addition, the relative intensity of some diffraction maxima changes from Na-cli to Zn-clj,
which could be interpreted as a consequence of the ion exchange [36, 37].

The diffraction maxima of ZnO NPs were assigned to the characteristic planes of the hexagonal wurzite
structure which crystallizes in the P6;mc space group, in agreement with the crystal structure and the lattice
parameters of zinc oxide (ZnO) [33]. Narrow diffraction peaks were obtained, suggesting good crystallinity. The
ZnO NPs diffraction maxima are also observed in composite obtained by mechanosynthesis method, as was
expected since the nanoparticles are in a 20 weight percent in the composite. However, ZnO NPs diffraction
maxima were not observed in the composite obtained by ‘i situ’ method. This could be probably due to the
small amount of nanoparticles obtained by this method, together with the small particle size.

The Raman spectra of the studied materials are shown in figure 2. They were compared with the spectra
reported in the RRUFF database (http://rruff.info/), finding a good match for clinoptilolite zeolite. In general,
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Figure 1. XRD patterns of starting materials (Na-cli, Zn-cli and ZnO NPs) and resulting composites obtained by mechanosynthesis
and ‘in sit’ methods. The hklindex corresponding to clinoptilolite and ZnO are reported in the figure, while the peaks corresponding
to mordenite and quartz phases are labelled as M and Q, respectively.

Table 1. Cell parameters of the starting materials obtained by Le Bail fit.

Sample a(A) b(A) c(d) B
Na-cli 17.721(1) 18.053(3) 7.394(5) 116.49(7)
Zn-cli 15.228(4) 18.471(4) 14.771(1) 113.86(1)

ZnO NPs 3.24170(8) 5.18760(8)

Zn-cli
I ‘
|

wi
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Figure 2. Raman spectrum of starting materials (Zn-cli, ZnO NPs) and resulting composites obtained by mechanosynthesis and
‘in sit’ methods.

the strongest characteristic bands of the zeolites appear between 300-600 cm ™' of the spectral range and are
attributed to the movement of the oxygen atom in the plane perpendicular to the T-O-T bonds [38].

Table 2 shows the Raman bands of the studied samples. The spectrum of the Zn-cli shows the most intense
bands at 403 and 472 cm ! that are assigned to the vibrations v,(E) and v(F,) of the tetrahedral SiO, units [38].
In addition, bands in the characteristic region of water stretching vibrations (2800-3800 cm ), due to water
molecules in the sample cavities, are clearly observed. The spectrum of ZnO NPs shows the most intense band at
433 and aband at 327cm ™! corresponding to the E,(high) and E,(high)-E,(low) of the ZnO, respectively [39].
The incorporation of ZnO nanoparticles in the composites obtained by the ‘in situ’ method can be verified
because the Raman spectra of both composites not only exhibited the major bands previously assigned to the
Zn-clibut also the bands at 432 and 457 cm ! related to the ZnO NPs. In addition, a slight shift in the ZnO band
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Table 2. Tentative assignment of major Raman bands observed in the evaluated samples.

Raman shift (cm™")

Zn-cli ZnO NPs Zn-cli/ZnO NPs (mechanosynthesis) Zn-cli/ZnO NPs (‘in situ’) Assignment
— 327 — — Ex(high)-Ex(low)
403 — 402 397 v5(E) SiOy4

— 433 432 457 E,(high) ZnO
472 — — — va(F,) SiO,4
2800-3800 — 2800-3800 2800-3800 H,O stretching

ZEISS | =

100 nm
=

Figure 3. FE-SEM images of: Zn-cli (A), ZnO NPs (B), Zn-cli/ZnO NPs (mechanosynthesis) (C) and Zn-cli/ZnO NPs (‘in situ’) (D).
The inserted graph shows the histogram of particle size distribution of ZnO NPs.

in the spectrum of Zn-cli/ZnO NPs ‘in sit’ is observed, which could be ascribed to the sample calcination after
the basic treatment.

Figure 3 shows the FE-SEM images of the starting materials and the obtained composites. Zn-cli exhibits a
zeolite characteristic irregular surface fine-graining material of lamellar texture. ZnO NPs presents a quite
uniform shape with particle size in the range of 60—180 nm and an average diameter of 90 nm. As can be seen, the
nanoparticles tend to organize forming chains. In the composite obtained by mechanosynthesis the chain
structure of ZnO NPs is not observed, instead the ZnO NPs are incorporated as agglomerates distributed
heterogeneously on the zeolitic surface, which is derived from the grinding process. The ZnO NPs are not clearly
observed in the FE-SEM image of the composite obtained by ‘in siti” method (figure 3(D)). However, their
presence was confirmed by Raman spectroscopy, as was previously discussed.

Figure 4 shows the thermogravimetric curves of Na-cli, Zn-cli, ZnO NPs and the two composites. TG
analysis demonstrated a high thermal stability for all studied materials. In the case of Na-cli the mass loss from
room temperature to about 80 °C is assigned to the loss of physisorbed water. The continuous mass loss up to
about 350 °C is due to the gradual release of the water coordinated to the exchangeable cations. For Zn-cli
sample the percent of mass loss is greater than for Na-cli and both peaks appear at higher temperature. This
behaviour is related to the cation present in each case and the amount of water coordinated to them. The DTG
curve of ZnO NPs shows a mass loss of approximately 5% between 30 °C-150 °C with a peak at 50 °C that could
be ascribed to the loss of physisorbed water. The DTG curves of the composites showed marked differences. The
curve of the composite obtained by mechanosynthesis is very similar to that of Zn-cli sample, while the curve of
the composite obtained by in1 sitt” method is very similar to that of Na-cli sample. This could be due to the
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Figure 5. N, adsorption isotherms at 77 K (A), where filled symbols correspond to adsorption branch and empty symbols correspond
to desorption branch, and porous size distribution of the studied samples (B).

Table 3. Textural properties of the evaluated samples obtained by N, adsorption-desorption at 77 K.

Sample SBEI(mZg’ D) Vpic (cm® g D) V,(cm® g D) BJH average pore diameter(nm)
Na-cli 111 0.04 0.14 15.67

Zn-cli 149 0.06 0.14 13.12

ZnO NPs 11 — 0.03 —

Zn-cli/ZnO NPs (mechanosynthesis) 112 0.04 0.13 15.84
Zn-cli/ZnO NPs (‘in situ’) 60 0.02 0.09 15.87

Sper= obtained from adsorption dataat0.05 < P/P, < 0.2,
Vic= calculated by t-plot method,
V,= amount of N, adsorbed at the P/P, = 0.99

partial replacement of Zn>* by Na* cations during the treatment with NaOH in the ‘i situ’ composite synthesis.
In addition, the partial blockages of the zeolite channel system by the ZnO nanoparticles takes place, which avoid
the release of water, as will be seen later.

Figure 5 shows the N, adsorption isotherms at 77 K and the porous size distribution (PSD) of Na-cli, Zn-cli,
ZnO NPs and the two composites, while textural properties are summarized in table 3.

The N, adsorption-desorption isotherms of the zeolites and the composites samples (figure 5(A)) were of
type IV with hysteresis loop of type H3, characteristics of capillary condensation in parallel plate-shaped pores
according to the IUPAC classification [40], while ZnO NPs exhibits a type Il isotherm. The results show an
increase of the surface area from Na-cli to Zn-cli, behaviour that is common when a replace of a monovalent
cation by a divalent one is carried out. When the Zn>* exchange process occurs, one Zn”* cation occupies the
place of two Na™ cations which leads to a surface area increment. The composites show a surface area lower than
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Figure 6. Amount of MB adsorbed versus time for Na-cli and composite Zn-cli/ZnO NPs (‘in situ’) samples.

that of the parent Zn-cli, and this decrease is higher for the ‘in situ’ composite (see table 3). This result indicates
that the addition of ZnO NPs into the zeolitic matrix by grinding is a not-uniform process in which
nanoparticles tend to deposit at the zeolitic surface. This process occasionally blocks the pore entrances while in
the “in situ’ method the nanoparticles are formed preferentially at the entrance of the pores and channels of the
clinoptilolite making difficult the N, diffusion inside de pores. These results fit with the obtained values of total
and micropore volume (V,and V,,;;.) reported in table 3, where a slight decrease in V,,;. for Zn-cli/ZnO NPs (‘
in situ’) sample is observed. This result is also coherent with those obtained by TG analysis, where the ‘in sit1’
composite shows alower loss of water.

Clinoptilolite owns free dimensions channels of approximately: a ~ 7.5 x 3.1A,b ~ 4.6 x 3.6 Aand
¢ ~ 4.7 x 2.8 A[28] which is known as primary porosity (microporosity) and is the result of their open
framework structure. It is known that zeolites also present a secondary porosity that is usually represented by a
system of meso-and macropores [41], and is related with the inter particle space due to the specific grain packing
of zeolite and other minerals in the zeolitic rocks, as well as, cleavage degree of zeolite grains.

The mesopores are transport channels that can improve the efficiency of zeolitic materials as catalysts and
adsorbents, since they favour the diffusion and adsorption of large molecules. In addition, some technological
properties, which cannot be explained by adsorption in micropores, could be conditioned by secondary porosity
[42]. Figure 5(B) shows the pore size distribution (PSD) of the zeolitic samples. The existence of secondary
porosity was confirmed by this analysis, which was not apparently affected by the ZnO nanoparticle
incorporation using both methods. In addition, the majority presence of mesopores between 3—30 nm was
observed.

3.2. Methylene blue adsorption

When MB is put in contact with the clinoptilolite and the composite samples, a rapid discoloration of the
solution is observed. For Zn-cli and composite Zn-cli/ZnO NPs (mechanosynthesis) samples, was not possible
to detect MB by UV-Vis in the remaining solution after the first 5 min of interaction, indicating a very fast
adsorption of the dye. For Na-cli and composite Zn-cli/ZnO NPs (‘in situ’) samples the amount of MB adsorbed
versus time is shown in figure 6. As can be seen, the adsorption is also fast for these samples, reaching the
equilibrium at 30 min of interaction (see inset). The maximum amount adsorbed is greater for the composite
demonstrating the role of Zn and/or ZnO NPs in the adsorption process.

Raman spectroscopic analysis of all the solid samples was carried out for checking the MB presence. The
Raman spectra as well as the images obtained at optical microscope for evaluated samples and the MB are shown
in figure 7.

The characteristic peaks of MB at 448 cm ™' and 501 cm ™' are attributed to the C—N—C skeletal
deformation mode. In-plane bending mode of C—H is observed at 770 cm ™' and 1154 cm ™', while in-plane ring
deformation mode of C—H isat 1302 cm ™. The two prominent peaks at around 1394 cm ™' and 1623 cm ™ are
assigned to C—N symmetrical stretching and C—C ring stretching, respectively [43]. These typical Raman bands
are clearly observed in all the studied samples, which are related to the MB adsorption by the solid. The images
on the right of figure 7 exhibited a blue coloration that also denotes the presence of MB in the samples.
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Figure 7. Raman spectra and obtained images of MB and Na-cli, Zn-cli, Zn-cli/ZnO NPs (mechanosynthesis), Zn-cli/ZnO NPs
(“in situ’) after 45 min of contact with MB solution.

The MB molecule has a rectangular shape with dimensions 17 A x 7.6 A x 3.25 A. The surface area covered
by one MB molecule is assumed to be approximately 130 A [44]. The adsorption of this molecule into the
micropore system of the clinoptilolite is not possible due to size restrictions. Thus, the adsorption of MB could
be ascribed to the migration of MB molecules into the meso and macroporous system corresponding to the
presence of secondary porosity observed by BJH method.

4. Conclusions

Two composites were obtained from a Cuban natural clinoptilolite by mechanosynthesis and ‘i situ” via. XRD
showed that the crystal system (monoclinic) did not change when clinoptilolite was exchanged with Na* and
Zn*" and when the nanoparticles were included. Raman spectra exhibited characteristic bands of zeolites and
ZnO reported in the literature and the RRUFF database. Changes in morphology of composite obtained by ¢

in situ’ via compared with clinoptilolite’s laminar morphology were observed. A high thermal stability was also
exposed. N, adsorption experiments revealed a decrease in the surface area in the composite obtained by ‘in sit1’
method, which could be ascribed to the nanoparticle deposition at the entrances of the micropores. The
preliminary MB adsorption studies disclosed a very fast adsorption of the dye by all the evaluated solids,
especially in the case of Zn-cli and composite Zn-cli/ZnO NPs (mechanosynthesis). Thus, both composites
could be attractive for applications in removing of this dye from wastewaters.
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