Investigation of photocatalytic performance of natural zeolite/TiO, composites
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The growing increase of industrial wastewater, environmental contaminations, and the necessity of clean water has stressed the importance of
removing pollutants. One of the effective means of removing pollutants from water and wastewater is by utilising zeolite. Zeolite, despite
possessing unique photophysical properties (such as numerous fine cavities, the high capability to adsorb, and chemical-thermal stability),
represents some limitations when being used. Depositing photocatalysts on zeolite particles to improve its removal potential is of much
interest. In this work, therefore, TiO, nanoparticles were deposited on fine particles of zeolite. Zeolite/TiO, composites were evaluated by
X-ray diffractometer, scanning electron microscope, Brunauer—Emmett—Teller, diffuse reflectance spectroscopy analyses. The results
indicate that the presence of TiO, nanoparticles reduces the specific surface area. However, it causes the ability to absorb UV light.
Increasing the amount of TiO, any further will bring about a redshift in absorption edge. Photocatalytic properties of the composites were
assessed by methyl orange and cyanide ion removal examination. The 10%TiO, composite with the specific surface area of 34 m?/g and
bandgap energy of 3.3 eV showed to be the most efficient. The superior photocatalytic performance of 10%TiO, sample was confirmed

by the examination of producing hydrogen from water/methanol.

1. Introduction: The environment and the underground water
resources are being contaminated at an accelerating rate by the
industrial wastewaters discharged by rapid expansions of industries.
Various contaminants including heavy metals and organic com-
pounds are serious threats against living creatures, hence the essen-
tial of wastewater treatment [1-3]. Consequently, different
approaches have been introduced including chemical distribution
with hydroxide, sulphide and chemical deposits, ion exchange,
adsorption by porous carbon materials, biosorbents, filtering by
electrode membrane dialysis, coagulation, freezing, and flotation
almost all of which have adverse side effects [2, 4, 5].

In the last three decades, new methods such as oxidation, and
adsorbing the pollutants by zeolite and photocatalysts have been
focused on owing to their low initial cost, the simplicity of
design, ease of operation, and the possibility of reusing the resulted
water [6, 7].

Zeolite is a microporous mineral mainly consisting of alumino-
silicate having a large specific surface area, and high chemical
and thermal stability [2, 3, 8]. Different types of natural and
artificial zeolites are used in different researches. Among the
various natural zeolites, however, only nine species predominate
in nature. Natural zeolites divide into the three categories of
string, column, and mixed in terms of their crystalline morphology.
Physical and chemical properties of natural zeolites differ [9-11].
Moreover, different samples of a specific zeolite show dissimilarity
in their physical properties (porosity size, crystal size, ion-exchange
capacity, and adsorption capacity), and chemical composition
[3, 7]. In addition to adsorbing impurities and treating water, the
zeolite is used in medical and agricultural industries, and also
garment detergents. However, zeolite efficiency in adsorbing and
removing pollutants needs to be improved [10-12].

There has been an increasing tendency to use semiconducting
photocatalysts recently [6, 11]. Photocatalysts are fundamentally
based on electron-hole pair production in the semiconductor
through adsorbing light whose bandgap is higher than or equal
to that of the semiconductor [1, 13]. Such electron—holes are
capable of reacting with the water molecules and the oxygen
adsorbed on the semiconductor’s surface, a process through
which powerful radicals of hydroxyl (OH®) are formed leading to
the decomposition of pollutants in the water [11, 14]. One of
these semiconducting photocatalysts is titanium dioxide (TiO,),
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which is of much importance owing to possessing incomparable
features of low cost, non-toxicity, and light and chemical
stability [1, 4].

Depositing nanoparticles of TiO, on the surface of zeolite not
only offers the remarkable absorbability of zeolite but also provides
the exceptional ability of TiO, to degradation water pollutants
[10, 12]. Many types of research have addressed their studies to
amend artificial zeolite through the means of different photocata-
lysts in which the impact of various parameters upon zeolite’s
ability to adsorb and degradation pollutants has been investigated,
and the optimum conditions have been presented [8, 11].
Nevertheless, there has been little research on amending natural
zeolite by photocatalysts in general and by TiO, in particular [3].

Therefore, in this work, the natural zeolite is improved by TiO,
nanoparticles, and its physicochemical properties are investigated
using different analyses. Furthermore, utilising methyl orange
(MeO) and cyanide ion removal, and hydrogen production
examinations, the obtained samples will be assessed regarding
their performance of adsorbing the pollutants and removing them.

2. Experimental

2.1. Materials: The natural zeolite of clinoptilolite + cristobalite +
quartz with the composition presented in Table 1 was obtained
from Afrazand-e Semnan Company. Titanium isopropoxide
(TTIP), hydrochloric acid (HCI), isopropanol, MeO, and potassium
cyanide were purchased from Merk Company.

2.2. Experimental procedure: To produce the composite of zeolite/
TiO,, TiO, nanoparticles were synthesised by using chemical
methods as described in our previous work [1, 4]. In brief, 85 ml
of ionised water, 6 ml of hydrochloric acid, and 6 ml of 2-propanol
were stirred on a magnetic stirrer. Then 5 ml of titanium isopropox-
ide was dropped into the solution. Gradually, the solution’s
temperature was increased to 60°C in a water bath. After that, to
obtain zeolite-based composites, a certain amount of zeolite
powder, which was previously washed by ethanol and ionised
water, and then dried, was added to the solution. The zeolite-based
composites of 5, 10, 15, and 20% of TiO, were acquired and abbre-
viated as Z5T, Z10T, Z15T, and Z20T. Having been stirred for 1 h,
the solution was then kept under room temperature for 24 h to have
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Table 1 Chemical analysis of used natural zeolite

Components SiO, Al,O3 Fe, 03 CaO Na,O K,0

Yowt 67.82 10.91 0.65 0.89 3.85 4.07

TiO, particles deposited on zeolite. Afterwards, the filtered deposit
was dried at 80°C for 1 h, and calcined at 450°C for 2 h.

After each time of adsorbing the pollutants, to reuse the compos-
ite, it was washed for 10 h in water and dried at 80°C for 10 h.

2.3. Characterising zeolite/TiO, composite: The crystalline phases
of the synthesised samples were examined using an X-ray diffract-
ometer (XRD, Bruker D8, Germany) with monochromated Cu-Ko.
radiation (A=1.54056 A). Crystallite sizes of TiO, phases were
calculated by Debye-Scherrer (D=0.891/Scos6). The morphology
of the particles was analysed by scanning electron microscope
(SEM, XL 30-Philips, the Netherlands). The Brunauer—-Emmett—
Teller (BET), -specific surface areas of the synthesised samples,
were determined using a BET surface analyser (Belsorp mini II;
Bel, Japan).

It is known that the photocatalytic performance of a material
depends on its bandgap energy. Therefore, using BaSO, as a refer-
ence, the light absorption spectrum of the samples was measured at
room temperature by a UV spectrophotometer (Avaspec-2048TEC,
the Netherlands). Absorption onset wavelength) A,, nm) of the
crossing point is between the line extrapolated from the onset of
the rising part of the absorption spectrum and axis X of the curve.
Bandgap (£,, €V) was measured by the following equation [15]:

E — 1243.1

4 /\g
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2.4. Photocatalytic performance of zeolite/TiO, composite: To
investigation the photocatalytic performance of zeolite/TiO,
composite, MeO and potassium cyanide (CN) were removed by
the composite and the results were then compared. 50 ml solutions
of MeO (with the initial concentration of 5 ppm) and CN (with the
initial concentration of 50 ppm) were made. 1 g/l of the composite
was applied to each solution then. The examination was carried
out at a constant temperature. pH was specified for each solution
(4.5 for MeO solution, and 10 for CN). Before radiation had
started, each solution had been stirred in the dark for 1h so as
the solutions could reach their adsorption—desorption equilibrium.
Subsequently, the system was placed under the UV light of two
lamps (6 W lamp — Philips, China), the surfaces of solutions
being 10 cm away from the lights. Throughout the examination,
a sample of each solution was taken at 30 min intervals, and the
concentration of the pollutant was determined utilising a UV-vis
spectrophotometer device. The extent of the degradation was mea-
sured by the following equation:

C,—C
n%=< OC )xlOO ®))
0

where Cj is the initial concentration of the pollutant in the solution,
and C is that of the pollutant after the time ¢ [15].

2.5. Photocatalytic production of hydrogen: To produce hydrogen,
a 200 ml solution of water/methanol (50:50) was used in a 750 ml
Pyrex reactor. Creating a vacuum, the space above the solution in
the reactor was evacuated from any gases. Sampling was done
every 30 min. The amount of the produced hydrogen was measured
by TCD type gas chromatography (GC, model 2550TG, Islamic
Republic of Iran).
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3. Results and discussion: Fig. 1 illustrates the XRD pattern
for the sample of natural zeolite and Z10T composite which was
calcined for 2 h at 450°C. The peaks in Fig. la related to the
constituents of natural zeolite, which three phases clinoptilolite,
cristobalite, and quartz have been identified. In Fig. 15, which is
the pattern of the sample Z10T, in addition to different peaks of
the composing constituents of zeolite, the peaks of TiO, were
also identified. These peaks were at the angles of 25.6°, 37.8°,
47.9°, and 54.6° (anatase phase) and the angles of 27.5°, 36.3°,
and 56.7° (rutile phase) [1, 6]. The intensity of the peaks for
rutile in composites is relatively lower than rutile in pure TiO,.
The presence of zeolite delays the anatase to rutile phase transform-
ation. This behaviour has been reported in similar studies [10, 16].
According to the Scherrer equation, the crystallite size of anatase
and rutile were determined to be 23.2 and 26.4 nm, respectively.
The morphology of the natural zeolite and composite of Z10T
samples can be seen in Fig. 2. Zeolite particles are non-uniform
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Fig. 1 XRD pattern
a Used natural zeolite
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Fig. 2 SEM image
a Used natural zeolite and
b Zeolite/10%TiO, composite
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and scale-like in shape falling in the approximate range of
0.2-3 um. After the deposition of TiO, nanoparticles on natural
zeolite, no remarkable change can be observed in the shape of the
particles. However, zeolite particles are agglomerated after the
deposition, hence the formation of larger masses. In other terms,
the synthesis of TiO, causes a bond and joint among zeolite
particles.

Specific surface areas of different samples are given in Table 2.
As it can be evidenced the largest specific area belongs to natural
zeolite (35 m?/g) while it is decreased after TiO, deposition.
As the amount of deposited TiO, rises, the surface area of the com-
posite declines owing to the zeolite’s surface cavities being filled.
Furthermore, as illustrated in SEM images, synthesis of TiO,
nanoparticles on zeolite particles results in their agglomeration
and enlargement which leads to a decrease in the specific surface
area. According to the previous research [4], pure TiO, with the
size range of 20-40 nm has a specific surface area of 68 m*/g.
Sacco et al. [17] reported a decrease of the specific area from 52
to 24 m*/g after the depositing ZnO nanoparticles on the zeolite.

Since the photocatalytic performance of a given material is
heavily dependent on its optical properties, different samples
were analysed regarding their optical properties, and their UV—vis
diffuse reflectance spectrometry curves are presented in Fig. 3.
The results of analysing the absorption curves are displayed in
Table 2. It is apparent that pure zeolite has no absorption after
240 nm. Adding TiO, causes a move and red shift in the absorption
edge of the sample. Absorption edge for TiO, has eventually
occurred at 390 nm. On the other hand, adding greater amounts
of TiO, to zeolite might widen the absorption edge of the
sample. Comparing bandgap energy values of the different
samples indicate that increasing the amount of TiO, is followed

Table 2 Surface area and optical properties of samples

Sample Specific surface Absorption edge Bandgap,
area, m?/g wavelength, nm eV
z 35 — —
TiO, 68° 422 2.95%
Z5T 32 335 3.72
Z10T 31 358 3.47
Z15T 28 373 3.33
Z20T 26 382 3.25
See [1, 4].
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Fig. 3 Diffuse UV—vis absorbance spectra of
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by a decrease in the bandgap energy. So that the bandgap energy
in the Z20 T is ~3.25 eV, which is still higher than that of pure
TiO, (2.95 eV) synthesised under similar conditions [4]. When
the TiO, is pure, the surface of the particles is not affected by
any material (such as zeolite), and so the nanoparticles show their
actual absorption edge.

To study the photocatalytic performance of zeolite/TiO, compo-
sites, the extent to which the pollutants of MeO and CN ion could
be degraded using the composites were compared. Figs. 4 and 5
show the efficiency of removing these pollutants by various
zeolite/TiO, composites under the radiation of UV light. It is
evident that the efficiency of the composites is higher than that of
pure zeolite and TiO,. This is due to benefiting from adsorption
properties of zeolite and photocatalytic characteristics of TiO,
both. However, different samples exhibited different capabilities
to degradation MeO and CN ion. Such differences can be linked
to surface charges of the particles.

Orange methyl is an anion colour and participates in the solution
as negative ions [1]. Moreover, pHpzc (point of zero charge) of
zeolite/Ti0, composite is 5.9 [18]. Consequently, in the solution
of MeO, (pH=4.5) the surface of the composite particles has
positive charges. Ions of H' are attracted to atoms of nitrogen in
the azo group of MeO. Therefore, a powerful electrostatic attraction
will be formed between the surface of particles and MeO molecules
[5, 19, 20].

The composite’s surface, nevertheless, has negative charges for
cyanide ion (pH=10) and as it can be observed, this electrostatic
repulsion between the surface of particles and CN ion is responsible
for a lower decomposition efficiency in comparison with that
of MeO. It shall also be noted that for pH values lower than 8,
hydrogen cyanide (HCN), which is highly hydrophilic and
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Fig. 4 Removal efficiency of MeO by different samples
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Fig. 7 H, generation by used composites from 50 vol.% methanol solution

poisonous gas, will be generated and this can cause environmental
pollution [19]. Hence decomposing cyanide ion was carried out in
pH values over 10. The chemical reactions governing removing and
decomposing cyanide ion by TiO, are as follows [1, 4, 19]:

TiO, + 2hv = TiO,(2h" + 2¢7) 3)
CN™ +2h" +20H = OCN™ + H,0 “)
20CN™ 4 0, = 2CO, + N, )

Additionally, anionic portions of cyanide are absorbed by cationic
absorbing surfaces in the zeolite, and this improves the decompos-
ition process by the composite [1].

The diagrams in Figs. 4 and 5, nonetheless, illustrate that
different ZT composites are of different capabilities to remove
MeO and CN. Maximum efficiency in removing the pollutants
belongs to Z10T, which is 73% for MeO, and 65% for CN.

Reusability of Z10T composite in removing the dye of MeO was
also studied. Fig. 6 portrays the photocatalytic performance of the
composite having been reused for five times. As it can be predicted,
the efficiency of the composite in removing the dye gradually
lowers, dropping from 73 to 45% after five times’ reuse. This
reduction of efficiency can be related to dissolution and waste of
TiO, particles after each time being used.

Fig. 7 depicts the photocatalytic production of hydrogen by ZT
composites under UV light radiation. It is obvious that the
amount of hydrogen produced by the composites is higher than
when pure zeolite or TiO, is used. The photocatalytic reaction to
produce hydrogen is as follows [21]:

1
H,0 4 v — H, + 50, (6)
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Methanol has been utilised as a sacrificial electron donor to facili-
tate photoreduction. One of the challenges of employing photocata-
lysts is the high rate at which electron-holes formed by light are
recombined before being used in oxidation-reduction reactions.
Methanol reduces the rate of recombination by effectively separat-
ing the holes [21, 22].

Pairs of electron—holes are formed in TiO, nanoparticles of the
ZT composites by the radiation of light, and zeolite, possessing dis-
tinctive photophysical properties such as controlling charge transfer
and charge transfer processes, plays a crucial role in producing
hydrogen. Furthermore, since cavities present in zeolite are very
small in size, the solution and zeolite come into a greater contact.
Thus, the reactions take place in a wider area because of the numer-
ous active surface locations. The reduction in the rate of charge
recombination is facilitated as well [21].

Nonetheless, an optimum amount of the photocatalyst of TiO,
shall be used. In greater amounts cavities in zeolite will be occu-
pied, and the specific surface area of the composite will reduce,
and the amount of light reaching the composite will diminish,
hence less hydrogen production. The results in the current study
confirm such a reduction caused by excessive amounts of TiO,.
In this study, Z10T produced the highest amount of hydrogen
(534 mmol) in comparison with other composites.

4. Conclusion: In this study, the nanoparticles of TiO, were
deposited on natural zeolite successfully. Composites were
characterised by XRD, SEM, BET, and DRS analyses.
The presence of TiO, nanoparticles, despite reducing the specific
surface area, causes a red shift in the absorption edge, and lowers
its bandgap energy. Photocatalytic properties of the composites
were examined by the efficiency of MeO and cyanide ion
removal, and hydrogen production from water/methanol under
UV light radiation. The results indicated that adding an optimum
amount of TiO, on zeolite particles (10%wt) will lead to the best
photocatalytic performance. Electron—hole formation in TiO,, and
zeolite’s role in yielding a larger specific surface area and in
reducing electron—hole recombination rate, improve the photocata-
lytic performance of ZT composites compared to those of zeolite or
TiO, alone.
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