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ABSTRACT

In order to take advantage of the adsorbent capacity of zeolites, in the present work, ZnO particles
and ZnO/zeolite nanocomposites were synthesized, using a natural zeolite and a synthetic zeolite
structure. Compounds of: ZnO, ZnO/CLI (CLI = clinoptilolite zeolite) and ZnO/NaA (NaA = sodium
type A zeolite) were synthesized by the sol-gel method and physical milling. The structural, mor-
phological, textural and optical properties of the materials were characterized by X-ray diffraction,
scanning electron microscopy and transmission electron microscopy, N, physisorption and UV-Vis
spectroscopy. Nanocomposites with crystallite sizes between 20-30 nm were obtained. The morphol-
ogy presents grains distributed in the composites, while agglomerates are observed in pure ZnO.
The ZnO surface area decreases slightly in the CLI composite but in the ZnO/NaA composites the
decrease is notable. The band gap of the materials is between 3.18-3.21 eV. Photocatalytic activity
was evaluated using aqueous solutions of organic dyes such as methylene blue and rhodamine B
at initial concentrations of 10 and 20 mg-L™". The photocatalytic performance increased ~60%, which
shows that the use of semiconductor oxides supported on zeolites is a viable and efficient process
in the reduction of contaminants present in wastewater.
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1. Introduction

Water contamination by agents such as solid waste,
hydrocarbons, pesticides, dyes, etc., is a serious problem
since it causes water scarcity, diseases, and environmental
deterioration [1].

Dyes are widely used substances in various indus-
tries, such as food, textiles, and paints. However, the
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mismanagement of waste brings with it enormous envi-
ronmental problems, so the removal of these pollutants
remains a challenge. Until now, conventional methods for
the treatment of wastewater have not shown the desired
efficacy, since in most cases the treated dyes generate dan-
gerous by-products, such as aromatic amines [2].

Methylene blue (MB, C H CIN,S), also known as
methyl bromide, belongs to the family of cationic dyes and
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is used for various applications in both the textile and phar-
maceutical industries [3]. The presence of this dye in bodies
of water brings with it various effects not only on the flora
and fauna of the environment but also on human health
because it could cause problems both in the respiratory
tract and the skin [4].

On the other hand, rhodamines are a class of dyes used
in various applications in the paper, textile, cosmetic, and
pharmaceutical industries. For example, these molecules are
used as biomarkers, photosensitizers, flow cytometry, ELISA
tests, etc., due to their optical properties [5]. Rhodamine B
(RhB, CH, CIN,O,) generates irritation to the skin, eyes,
digestive tract, and respiratory system, in addition, the
by-products generated from partial degradation due to
inadequate waste treatment of this contaminant can become
mutagenic. and carcinogens [6]. So, the elimination of this
type of contaminant represents a challenge for nanomate-
rials used in wastewater treatment.

Among the alternatives that have been used to resolve
or delay the effects of water pollution are filtration [7],
adsorption [8], oxidation [9,10], flocculation [11], and pho-
tocatalysis [12,13], among others. Photocatalysis is an effec-
tive alternative that achieves the removal of organic con-
taminants [14], using the hydroxyl radicals generated when
the photocatalyst is exposed to a radiation source [15,16].
Some photocatalytic semiconductors are AL,O, [17], ZnO
[18], Fe,0, [19], CeO, [20], TiO, [21], FeWO, [22], ZnSe [23],
Cu,O [24], etc.

ZnO is an n-type semiconductor, which has been of
interest due to its availability, oxidation capacity, and low
toxicity [25]. However, ZnO has disadvantages such as low
surface area, tendency to form agglomerates, high recom-
bination rate of electron/hole pairs, and low adsorption
capacity [26,27]. Due to the limitations in photocatalytic
applications of ZnO, alternatives have been investigated
that allow increasing the generation of hydroxyl radicals,
increasing their range of absorption of ultraviolet and visible
light, and their adsorption capacity. Improvements have been
obtained by doping semiconductor materials, synthesizing
nanocomposites [28], or using porous supports [29,30]. The
development of this type of catalyst has aroused the inter-
est of the scientific community, because it presents excellent
properties, which make it a promising material, for exam-
ple, efficient rate of degradation of organic contaminants,
good photostability, and relatively simple synthesis [31,32].

The formation of nanocomposites is very useful in the
field of photocatalysis, since in addition to increasing the
range of light absorption, in the UV and visible range, the
recombination effects of the e7/h" pair are avoided or dimin-
ished thus increasing the charge separation and increasing
the specific surface area about bare semiconductor, etc. [33].

In this way, zeolites are materials that have a porous
structure, large specific surface area, good thermal and
chemical stability, and a high affinity for contaminating mol-
ecules, which can achieve the improvement of semiconduc-
tors, such as ZnO [34,35].

Zeolites are aluminosilicates with a microporous struc-
ture, a high adsorption capacity, capable of reversibly
hydrating and dehydrating, and a high ion exchange poten-
tial [36]. Zeolites are present in two types, natural ones,
which are present in deposits and have great abundance, and

synthetic ones, which are designed in the laboratory to sim-
ulate the conditions and structures of natural ones [37,38].
Therefore, the use of zeolites as metal oxide support is the
best way to prepare hybrid catalysts, which will disperse
in an orderly manner and can be effectively separated
from the reaction system.

In the present work, ZnO particles and ZnOj/zeolite
nanocomposites were synthesized, in which a natural zeo-
lite and a synthetic zeolite structure were used. The struc-
tural, morphological and optical properties of ZnO/zeolite
nanocomposites are analyzed, as well as their photocatalytic
behavior in ultraviolet light. In addition, zeolite is evalu-
ated as a highly viable support due to its suitable channels
for application in photocatalysis.

2. Experimental set-up
2.1. Materials

For the synthesis of the materials, Zn(C,H,0,),2H,0
(98%, Sigma-Aldrich), C,HOH (99.5%, MEYER), NaOH
(97%, CiveQ) y H,O were used. MB (C, H N.SCl, 98.5%,
CiveQ) and rhodamine B (RhB) (C,;H, N,0,Cl, 99%, MEYER).
The natural zeolite used was calcium clinoptilolite from EIl
Cajon, Sonora, Mexico, sieved through #360 mesh, and type A

sodium zeolite was used as synthetic zeolite (Sigma-Aldrich).

2.2. ZnO synthesis

ZnO particles were prepared using the sol-gel method
described by Torres-Hernandez et al. [39], using forced
hydrolysis of Zn(C,H,0,),2H,0, NaOH, and a small per-
centage of distilled water with absolute ethanol as a solvent,
to obtain ZnO particles with controlled size. The synthesis
process was divided into two stages: the first consists in
forming the nuclei of the ZnO particles and in the second
stage their growth.

In the first stage, 117.2 mg NaOH was dispersed in
10 mL of ethanol, this solution was sonicated for 10 min
and then 20 min at 50°C, of which 965 puL were poured
into 35.825 mL of ethanol. This solution was prepared with
339.3 mg of Zn(C,H,0,),2H,0 in 45 mL of ethanol. The sus-
pension was kept stirred for 5 h and at a temperature of
50°C. In stage two, a solution with 5 times the initial weight
of Zn(C,H,0,),2H,0 in 3.3 mL of H,0 was added at 40°C,
then a solution with 5 times the initial weight of NaOH in
3.5 mL of H,O at 40°C, to finally carry out the dispersion
of ZnO in ethanol-water.

This solution was kept stirring at a temperature of 50°C
for 1 h, then it was left to rest for 24 h, at the end of this
time it was decanted to obtain the ZnO precipitate washed
with deionized water and dried at 120°C for 12 h.

2.3. Synthesis of ZnO/CLI and ZnO/NaA

The synthesis used for the composites was like that
reported [40]. The ZnO and the natural and synthetic zeo-
lites were ground in a mortar for 30 min, using C,H.OH
as the control agent. The proportion was 30% by weight of
ZnO concerning the weight of the zeolites. The composites
were dried for 2 h at 60°C.
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2.4. Characterization

For X-ray diffraction, a Bruker D2 phaser diffractometer
was used, with Cu Ka radiation of A = 1.5418 A, in a 20 range
of 10°-80°, speed 4°/min. For morphology, a Tescan Mira 3
microscope was used, at a voltage of 20 kV. High-resolution
transmission electron microscopy (HRTEM) images were
taken at 200 kV with a JEOL JEM-2100. UV-Vis spectra were
obtained with a Perkin Elmer Lambda 9 model spectropho-
tometer with an integrating sphere. Physisorption of N, was
carried out in Autosorb iQ Station 1 equipment.

2.5. Photocatalytic evaluation

For the photocatalytic tests, 12 mg of photocatalyst was
used in 80 mL of contaminant solution (10 and 20 mg-L™).
The resulting solution was stirred in the dark for 40 min
(adsorption—desorption equilibrium). After that, the solu-
tion was irradiated with an ultraviolet light lamp with an
irradiance of 95 W-m= and a power of 20 W. The photocata-
lytic degradation efficiency was calculated using Eq. (1):

- A-A
%Deg:cﬂ Ce 100 = 2= 100 1)
C A

0 0

where C, is the initial concentration of the dye and C, is
the concentration of the dye at time ¢ [41].

3. Results and discussion
3.1. X-ray diffraction

The diffraction patterns of the pure materials and the
composites are shown in Fig. 1a. In the ZnO diffractogram,
a hexagonal wurtzite structure is observed. The character-
istic reflections are found at positions 26 = 31.63°, 34.29°,
36.13°, 47.40°, 56.44°, 62.70°, 66.19°, 67.79° and 68.97° (PDF
No. 36-1451) [26]. The natural zeolite sample, clinoptilolite
(CLI) shows the following peaks: (200),(201), (111), (131),
(400),(222), (422), (151) and (530) correspond to the posi-
tions 20 = 11.13°, 13.02°, 17.31°, 19.06°, 22.40°, 26.01°, 28.10°,
30.11° and 31.93°, respectively (PDF No. 39-1383), associ-
ated with calcium clinoptilolite with a monoclinic structure
[42]. The ZnO/CLI sample shows peaks associated with
the hexagonal wurtzite phase and the calcium clinoptilo-
lite structure. The synthetic zeolite type NaA sample (NaA)
exhibited peaks at 26 = 12.37°, 16.04°, 21.59°, 23.92°, 27.05°,
29.88° and 34.10°, which are associated with a zeolite with
a cubic structure (PDF No. 39-0222) [43]. In the ZnO/NaA
sample, the hexagonal wurtzite phase of ZnO and the cubic
structure of NaA are present, the amplitude of this signal
is increased due to the overlapping of signals in the (002)
plane of ZnO with the (664) plane of the NaA.

In the diffractograms of ZnO/zeolite composites Fig. 1b,
a decrease and a shift position in the ZnO peaks are observed
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Fig. 1. (a) X-ray diffraction patterns of pure ZnO, CLI, NaA, ZnO/CLL and ZnO/NaA. The symbol * represents the main signs of
ZnO. (b) planes (100), (002) and, (101) of ZnO, ZnO/CLI and ZnO/NaA. (c) 4 sinB vs. B cosd plots using Williamson-Hall uniform
deformation model analysis of the ZnO, ZnO/CLI and ZnO/NaA nanocomposites.
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when the material is supported on the zeolite, which is
associated with the low ZnO charge and the overlapping of
its peaks with those of the zeolites [44]. This indicates that
the ZnO particles preferentially remain outside the zeo-
litic structure [45]. Signals associated with impurities are
not observed in any of the samples.

Average crystallite size and lattice strain in the samples
were estimated utilizing the uniform deformation model
of the Williamson-Hall, utilizing the relation [46]:

Bcos@:%+4ssin6 (2)

where K is a shape factor, which is ~0.9 for spherical parti-
cles, ¢ is the lattice strain, B is the full width at half maxi-
mum (FWHM) of the considered diffraction peak in radian,
6 is the Bragg’s angle, A is the X-ray wavelength, and D is
the crystallite size. Using the slope and the intercept in the
ordinate axis of the linear fits of the Bcosf vs. 4sin6 plots,
lattice strain and average crystallite sizes in the samples
were estimated, respectively (Fig. 1c) [47]. The results are
summarized in Table 1.

The lattice parameters in the composites were calcu-
lated individually to identify the distortions of the pure
and composite materials. The calculated parameters are
shown in Table 1, the observed variations are associated
with the incorporation of the ZnO particles to the respective
supports used, as well as the synthesis method (milling).

3.2. Scanning electron microscopy

The morphology of the ZnO particles exhibited flake-like
grains, the formation of conglomerates is observed (Fig. 2a),

associated with the precursors used in the synthesis and the
CLI sample (Fig. 2b) presented irregular agglomerates in
the shape of flakes [48]. The micrographs of the ZnO/CLI
composite (Fig. 2c) show a combination of the two previous
morphologies and a dispersion of the particles is observed,
which improves the photocatalytic activity, since the high
agglomeration decreases the surface area [49,50]. On the
other hand, in the NaA sample, cubic forms with well-de-
fined smooth faces are observed (Fig. 2d). For the ZnO/NaA
sample, smaller particles, attributed to ZnO, are observed
on the faces of the zeolite NaA cubes (Fig. 2e). ZnO on the
zeolite does not modify the morphology, which corrobo-
rates the X-ray diffraction (XRD) results [51].

3.3. High-resolution transmission electron microscopy

In Fig. 3a, hexagonal shapes are observed for the ZnO
sample. In Fig. 3d and f, the light-colored forms are asso-
ciated with zeolites and the dispersed dark particles are
related to ZnO. In the elemental mapping analysis (Fig. 3g),

Table 1
Crystallite size and lattice parameters of ZnO of pure materials
and composites

Sample Aw. crystallite Lattice parameters ~ Strain
size (nm) a(A) c(A) e

ZnO 36 3.26968  5.23908 0.00132

ZnO/CLI 52 3.26286  5.22736 0.00129

ZnO/NaA 42 3.26554  5.23200 0.00115

Fig. 2. Scanning electron microscopy micrographs with 50,000x magnification of samples (a) ZnO, (b) CLI, (c) ZnO/CLI, (d) NaA

and (e) ZnO/NaA.
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g)

Fig. 3. Transmission electron microscopy micrographs of (a) ZnO, (c) CLL (d) ZnO/CLL (e) NaA and (f) ZnO/NaA. (b) HRTEM
image of ZnO. (g) Energy-dispersive X-ray spectroscopy analysis of ZnO/CLI.

the presence of Si, Al, Ca, Zn and O is identified. The map-
ping shows that the clinoptilolite contains more Si than
Al The darkest areas are mostly Zn, which eliminates the
existence of Zn?" substitutions in the CLI crystal lattice. It
is also observed that O is dispersed in the sample, which
could be due to the presence of by-products in the synthe-
sis such as 5iO, and AlO,.

On the other hand, results by HRTEM (Fig. 3b), reveal
the crystallinity of ZnO, the interplanar distance of 2.86 A
is attributed to the crystal plane (100) of the wurtzite hex-
agonal structure of ZnO [52], which agrees with a value
obtained by XRD of ~2.83 A for the same plane. This anal-
ysis could not be performed on zeolites due to charge accu-
mulation on this material [53].

3.4. UV-Vis

Fig. 4 shows the absorbance spectra of ZnO, ZnO/CLI,
and ZnO/NaA, showing an absorption edge at 395, 388, and
392 nm, respectively. The similarity in the edges of ZnO and
ZnO/NaA can be attributed to the good distribution of ZnO
on the zeolitic structure [54]. The slight shift in the absorp-
tion edge of the ZnO/CLI spectrum is associated with a
decrease in the recombination of electron/hole pairs, which
causes an increase in the band gap [55]. In addition, ZnO/
CLI exhibits an increase in absorbance in the visible region,
attributed to the O vacancies of ZnO by incorporation into
the clinoptilolite structure [56].

The bandgap (Inset Fig. 4) was calculated using the
Kubelka-Munk equation [27]:

F(R)= ®)

0E-
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Fig. 4. Absorbance spectrum of ZnO, ZnO/CLI and ZnO/NaA.
Energy gap calculation using the Kubelka-Munk method (inset).

where R is the absolute value of the reflectance. The band-
gap values obtained are 3.18, 3.23 and 3.21 eV for ZnO,
ZnO/CLI and ZnO/NaA, respectively. The increase in the
energy gap is attributed to the variation in the ZnO parti-
cle size and the detection on the surface of the zeolites
[57]. The increase in the band gap in the composites is also
attributed to the fact that zeolites are non-conductive mate-
rials; when these are combined with low percentages of
semiconductor materials, it is possible that the value of the
bandgap increases. An alternative to reduce the value would
be increasing the amount of ZnO supported on the porous
material.
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3.5. Physisorption of N,

Fig. 5 shows the samples with type IV isotherms for mes-
oporous materials [58] which is attributed to the secondary
porosity of the zeolites. The conjugation of mesopores and
micropores allows larger molecules to be adsorbed, which
is favorable for photocatalytic applications [59]. The hys-
teresis loop is of the H, type, formed at relative pressures
(P/P)) > 0.5, and is associated with slit-shaped mesopores
[60]. Synthetic zeolite shows type H, hysteresis attributed
to narrow pore sizes [61].

The specific surface area of CLI decreases when ZnO
is supported (Table 2), which is associated with pore nar-
rowing and sedimentation [60]. In contrast, the surface
area of NaA increased when ZnO was supported, which is
attributed to the formation of a porous layer on the zeolite
surface [43]. The distribution of pore sizes is observed in
the inserts of Fig. 6, in which the main peak is found at the

ES. de Dios et al. / Desalination and Water Treatment 312 (2023) 79-88

limit of the micropores and mesopores for ZnO and zeolites.
In the ZnO/zeolite composites, the pore size distribution
is bimodal, with peaks centered at ~3 and 32 nm, confirm-
ing the presence of mesopores.

3.6. Preliminary adsorption evaluation

The adsorption and photocatalysis of CLI and NaA zeo-
lites in MB at 20 mg-L™ with 12 mg of sample were evaluated
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Fig. 5. Adsorption—desorption isotherms of N, at 77.35 K of the study samples. Insert: pore-size distribution.
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(Fig. 6). The processes are similar in the two types of zeo-
lites, there is no degradation activity under photonic radi-
ation, they only adsorb [62]. CLI showed higher adsorp-
tion capacity than NaA, which is influenced by electro-
static attraction between the negatively charged surface of
zeolites and the charge of MB (cationic) [63].

3.7. Effect of ZnO loading on zeolite

Three loading percentages (5%, 10% and 30% by weight)
of ZnO on NaA were evaluated. The effect on the syn-
thetic zeolite was evaluated, due to the low adsorption it
showed, which allows the photocatalytic activity to be grad-
ually evaluated. In this work, a load of 30% by weight was
established. Is shown in Fig. 7 that the increase in the per-
centage of ZnO causes an increase in photocatalytic degra-
dation, which is associated with the increase in active sites
available for the contaminant [64]. However, a percentage
close to the optimal value reduces the number of photons
that reach the inner layers of the photocatalyst, also causes
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agglomeration of the ZnO particles and reduces the surface
area [41,44].

3.8. Evaluation of the initial concentration of the dye

The photocatalytic activity of ZnO/CLI and ZnO/NaA
of two concentrations of MB and RhB was evaluated. In
Fig. 8a significant adsorption is observed for the compos-
ites in the dark time. In the first 30 min of UV irradiation,
the MB concentration decreased, attributed to the area and
adsorption in the dark time. On the other hand, the photocat-
alytic activity using RhB (Fig. 8b), adsorption is not observed
in the dark time, however, when the solution is irradiated,
the concentration decreases slowly, which is associated
with the complexity of the molecule. It was determined that
degradation efficiency was influenced by the concentra-
tion of the dyes. This is because both dyes are slowly elim-
inated when the concentration is increased, which is due
to the saturation of the active sites of the photocatalyst.

Fig. 9 shows the percentages of degradation in the
two stages of the evaluation (adsorption and photocataly-
sis). The ZnO/CLI composite showed higher degradation
efficiency in both dyes at both concentrations, which is
in agreement with the adsorption capacity of this natural
zeolite and with the photocatalytic activity of pure ZnO.

4. Conclusion

ZnO, ZnO/CLI and ZnO/NaA photocatalysts were syn-
thesized for the removal of organic dyes at low cost. The
results showed that with low ZnO load and low photocat-
alyst load, it was possible to eliminate the contaminating
dyes under study. The best photocatalytic efficiency was
presented in the composite with natural zeolite (ZnO/CLI)
due to its better adsorption capacity. The fact that a natu-
ral zeolite has shown better results compared to a synthetic
zeolite is favorable for its production and implementation
in larger-scale processes, since we have a natural resource
available as a support for efficient photocatalysts.
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Symbols

% Deg — Degree of the photocatalytic degradation
G, — Initial concentration

C, — Concentration of dye at time ¢

T — Average crystal size

k — Shape factor (0.9)

A — Wavelength

6 — Position of the diffraction peak

B — Width at mean height of the diffraction
peak

R — Absolute value of reflectance
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