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Abstract

Background Most dyes have aromatic rings in their structures, which make them highly toxic for human being and aquatic life.
Heterogeneous photodegradation using TiO, nanoparticles is one of the most applied methods used for dye removal. The wide
band gap of TiO, nanoparticles disables its use of the visible light and thus the vast potential of sunlight. To overcome this
deficiency, Ag doped TiO, nanoparticles were loaded on Fe-ZSM-5.

Methods Fe-ZSM-5@TiO,-Ag photocatalyst was synthesized through sol-gel and hydrothermal methods to remove hazardous
Reactive Red 195 (RR 195) from aqueous solution.

Results Pure phase of Fe-ZSM-5@TiO,-Ag with specific surface area of 332 m2/g was successfully synthesized. Formation of
Ti-O-Ag functional group in the photocatalyst structure confirmed the nanocomposite form of the product. SEM and TEM
images portrayed the synthesized zeolite and photocatalyst NPs in a size range of <100 nm with homogenous distribution of Ag
doped TiO, on Fe-ZSM-5 surface. The band-gap energy of Fe-ZSM-5@TiO,-Ag was calculated 1.97 eV at A =630 nm.
Photocatalytic activity of the photocatalyst under natural sunlight was investigated through photodecomposition of RR 195 in
an aqueous solution. The dye photodecomposition of about 98% was achieved at photocatalyst concentration of 400 mg/L, pH of
3, and dye concentration of 50 mg/L at ambient temperature after 120 min under sunlight using 0.5 ml of TiO, and silver
ammonium nitrate. The photocatalyst reusability was found significant after 5 frequent cycles.

Conclusion The novel Ag-doped TiO,-Fe-ZSM-5 nanocomposite with sunlight sensitivity can be a promising candidate to purify
wastewater containing organic pollutants.

Keywords Sunlight-sensitive nanocomposite - Photocatalytic degradation - Reactive red (RR 195) 195 - Natural sunlight -
Regeneration

Introduction

Waste effluents from textile, dyeing, printing, rubber, paper,
plastic, and related industries contain various dyes. Most dyes
have aromatic rings in their structures, which make them high-
ly toxic, non-biodegradable, carcinogenic, and mutagenic for
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human being and aquatic life [1, 2]. Their colors also leaves
visual pollution effects in the environment. The azo dye RR
195 is commonly used for textile dyeing industries. The dye
contains reactive group which is often a heterocyclic aromatic
ring substituted with chloride or fluoride and has maximum
absorbance at 540 nm [3]. Dyes could not be easily destroyed
via traditional treatments and their biological and biodegrada-
tion treatments are also difficult [4, 5]. Therefore, removal of
various dyes from industrial wastewater before discharging
them into natural water bodies is of high importance for envi-
ronmental safety. There are different methods that can be used
for textile wastewater treatments, such as Fenton, photo-
Fenton, flocculation and coagulation, adsorption processes
[2, 6-8], biological treatment [9-11], electrochemical tech-
niques, ion exchange, Advanced Oxidation Processes
(AOPs), and photcatalytic degradation under UV light. AOP
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can be an alternative process for traditional wastewater treat-
ments since providing a potential for a nonselective attack to
organic matter [12]. The advantages of this technology in-
clude decomposition of most organic and inorganic com-
pounds, such as water, carbon dioxide, and mineral acids,
having no waste production, and avoidance of any problems
at ambient temperature and atmospheric pressure [13]. Oxide
matrices can be virtually produced by in situ AOPs resulting
in highly reactive hydroxyl (OH ) radicals with the help of
primary oxidants like TiO,, H,O,, UV, etc. These methods are
very effective in removing the organic pollutants that resist
biodegradation [14, 15]. Among various types of
photocatalysts, TiO, has received much attention due to its
favorable properties, such as being non-toxic, affordable,
and sustainable for a long time, as well as photocatalytic prop-
erties for water and wastewater treatments and air pollution
removal [16—18]. It is a white powder semiconductor with a
wide band gap 0f3.0-3.2 eV. [19]. TiO, photocatalyst initiates
the oxidation process by absorbing the energy of a photon that
is equal to or greater than the band gap width, through which
an electron (e) of the Valence Band (VB) can be promoted to
the Conduction Band (CB). The VB would then generate the
vacancy electrons or holes (H"), which can diffuse [20]
throughout the solid followed by trapping or recombination.
A small specific surface area and low absorption property are
the limits to the effectiveness of photocatalytic TiO,. The so-
lution to these limits would be fixing TiO, on the surface of an
adsorbent to increase the concentration of an organic material
around the catalyst particles and thus enhance their efficiency
and photodegradation [21]. Among the different supports for
fixing TiO,, zeolite has been recognized as the best support
due to its porous structure and uniform pore size, regular
channels, high surface area, high thermal stability, photo-
chemical stability, high absorption capacity, environmentally
and friendly nature [22]. It is supposed to have the ability of
elevating the reaction rate by effectively separating the
photogenerated electrons. Moreover, the excited electrons of
TiO, band gap can be delocalized by it, a process which would
then lead to minimized electron-hole recombination [23, 24].
Furthermore, the presence of zeolite as a support for TiO,
photocatalyst would result in the maintenance of nearby dye
molecules that increase the degradation rate [25]. Another
problem with using TiO, as a catalyst is its efficiency of
low-quantum light arisen by the electron-hole recombination.
Its large band gap width disables its use of the visible light and
thus the vast potential of sunlight. Alternatively, inert metal
deposition on TiO, surface would lead to improved perfor-
mance by reducing the recombination of electrons trapped in
the holes and helping in surface load transfer [26]. Metal ion
doping of TiO, would sensitize it to visible light as the original
spectra of sunlight [27]. Generally, TiO, doped with metal
ions in the redox potential-generated radicals improve and
expand the light absorption spectra. Additionally, electron-
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trapping metal ions would contribute to the reduction of
electron-hole recombination [28]. Changes in the light absorp-
tion and absorption capacity of dye molecules on the catalyst
surface, as well as increases in the speed of interfacial charge
transfer would affect the photocatalytic activity of TiO,. The
conduction band overlap of Ti (3d) with the d orbitals of
transition metals results in the red shift transfer of TiO, band
edge. Modified photocatalyst, such as TiO, doped with Ag,
have excellently repeatable adsorption capabilities of visible
light [29]. In addition, as shown by our previous studies [30,
31], significant photodegradation efficiency of organic pollut-
ants using Fe-ZSM-5@TiO, indicates good potential of this
technique as a treatment system for real petroleum refinery
wastewater. The results showed that the incorporation of iron
in ZSM-5 zeolite can make it a photocatalyst [30-32]. The
excited state of iron formed in Fe-ZSM-5 framework as a
support of TiO, plays the same role as that of photogenerated
electron-hole pairs on the semiconductors. Therefore, the con-
duction band overlap of Ti (3d) with the d orbitals of iron in
Fe-ZSM-5 framework and electron transfer of Fe** (d) to TiO,
conduction band would decrease the band gap of TiO, and
increase visible light absorption ability of photocatalyst [30,
31, 33].

Accordingly, the aim of the present work was to develop
Fe-ZSM-5@TiO,-Ag nanocomposite by imprinting TiO, and
Ag in the synthesized Fe-ZSM-5 zeolite structure and inves-
tigate its photocatalytic activity for removing RR 195 from
aqueous solution under sunlight at ambient temperature.
Based on our previous studies [30, 31], the goal of the present
study was to develop a novel complex assembly with high
photocatalytic activity under sunlight. It is believed that the
unique characteristics of Fe-ZSM-5 as support of TiO, and Ag
doping of it would effectively enhance the visible light ab-
sorption of this type of zeolite based photocatalyst by reducing
the band gap.

Materials and methods
Synthesis of Fe-ZSM-5 zeolite

The mole ratio of the starting hydrothermally- synthesized
solution of Fe-ZSM-5 zeolite was 10Si0,:0.0493
Fe,03:1TPABr:3Na,0:500H,0 [30]. First, 3.03 g of sodium
silicate (Na,Si03) (Carlo Erba) and 1.48 g
tetrapropylammonium bromide (TPABr) (Merck) were sepa-
rately dissolved in deionized water, while the latter was heated
at 50 °C for 20 min. Then, the two solutions were mixed
together and stirred for 15 min. After getting clear to ensure
complete mixing of the solutions, this combined solution was
slowly poured into another solution of iron (III) nitrate
nonahydrate (98%, Sigma-Aldrich) and deionized water
(24.9 mL) and vigorously stirred. Upon transferring the
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resultant mixture into a stainless steel autoclave, it was verti-
cally placed in an oven to be heated at 170 °C for 72 h. The
obtained solid product was then filtered and washed with ad-
equate distilled water to reach a pH of 7.0. Finally, the 4 h
calcination of the product at 450 °C with a heating rate of
3 °C/min was followed by drying it in an oven at 110 °C for
24 h [30]. The schematic diagram of different stages of hydro-
thermal synthesis of Fe-ZSM-5 zeolite is presented in Fig. 1.

Synthesis of Fe-ZSM-5@ TiO, photocatalyst

An ammonium chloride solution (Merck ACS reagent grade)
was first utilized to convert the Na-form of the synthesized Fe-
ZSM-5 into its H-form for Fe-ZSM-5@TiO, preparation [30].
Then, hydrochloric acid was employed to catalyze tetra—n-
butyl orthotitanate (Ti(OC4H9),, TBOT) hydrolysis in dry 2-
propanol so as to load the nanometer size of TiO, onto the H-
form of Fe-ZSM-5 via the sol-gel technique. The typical
TBOT was added dropwise to the obtained solution and vig-
orously stirred at 0 °C for 6 h after dissolving it in 30 mL of 2-
propanol and subsequently 1 mL of 0.1 M HCI (37%, Merck).
The final solution was mixed with Fe-ZSM-5 and vigorously
stirred at 25 °C for 4 h. The solvent removal under vacuum via
rotary evaporation and drying at 110 °C were followed.
Finally, TiO, crystallinity was induced in zeolite by calcining
the photocatalyst at 550 °C at a heating rate of 5 °C/min under
air for 4 h [34].

Synthesis of Fe-ZSM-5@Ti0,-ag photocatalyst

The outer layer of Ag was doped on the surface of Fe-ZSM-
5@TiO, using a combination of the sol-gel process, chemical
reduction method, and a hydrothermal approach. In this syn-
thesis, 0.2 g of the H-form of Fe-ZSM-5 was dispersed in a
mixture of 30 mL of 2-propanol and 0.5 mL of TBOT and
then, 0.48 mL of 0.1 M silver nitrate (AgNO3) solution was
added to the suspension. Afterwards, 0.1 M hydrazine hydrate

[ 3.03 g of Sodium silicate (Na,0.2Si0,, Carlo Erba) + 20 g of H,O

v

[ 1.48 g of Tetrapropylammoniumbromide +5 g of H,0 ]

0.22 g of the Iron (II) nitrate (nonahydrate 98%, Sigma-
Aldrich) +24.9 g of H,O
v

[ transferring into a stainless steel autoclave at 170°C for 72 h.
¥

Filtration and reduction of pH value of the solution until ~7.0, Dried at 110 °C,
Calcined at 550°C for 4 h at a heating rate of 3 °C.min"!

[ Fe-ZSM-5 Zeolite |

Fig. 1 The schematic diagram of different stages of hydrothermal
synthesis of Fe-ZSM-5 zeolite

(N,H4.H,0) solution (1 mL) as a reducing agent was added
dropwise to it and vigorously stirred. The final suspension was
transferred into a 50 mL Teflon-coated steel autoclave, which
was then sealed and kept at 160 °C for 6 h. After filtering the
obtained composites, they were washed with ethanol and dis-
tilled water. Finally, they were dried at 60 °C for 6 h. The
samples with different TiO, loading contents were selected
to examine the effect of TiO, content on the photodegradation
activity of the synthesized photocatalyst. At this stage, 0.25,
0.5, 0.75, and 1 mL of TBOT per 0.2 g of Fe-ZSM-5 zeolite
was used, while all the variables were considered to be fixed.
In addition, different concentrations of 0.1 M AgNQO3, includ-
ing 0.25, 0.5, 0.75, and 1 mL per 0.2 g of Fe-ZSM-5 zeolite
were selected to examine the effects of Ag content on the
photodegradation activity of the synthesized photocatalyst un-
der sunlight. The schematic diagram of different stages of the
synthesis of Fe-ZSM-5@TiO,-Ag is illustrated in Fig. 2.

Photocatalyst characterization

The powder XRD analyses of Fe-ZSM-5 zeolite, Fe-ZSM-
5@TiO,, and Fe-ZSM-5@TiO,-Ag photocatalysts were per-
formed by a PW 1800 Philips X Pert diffractometer using
CuKa radiation. The X-ray wavelength was derived from a
copper anode (CuKa) and the data were collected in a 20
range of 5-70° with a step size of 0.02°/s. The synthesized
materials were also characterized by SEM (Philips, XL30)
operated at 30 kV and FT-IR spectrophotometer (Shimadzo,
FTIR 1650, Japan) in a wavenumber range of 400-4000 cm .
A conventional volumetric apparatus (Bel Japan, BELSORP
28SA) was utilized to measure the adsorption/desorption iso-
therms of nitrogen at 77 K. The specific surface areas of the
products were calculated via the Brunauer-Emmett-Teller
(BET) equation. Finally, a JASCO V-650 spectrophotometer
(Japan) was employed to record the UV-Vis absorption spectra
of the products within a wavelength range of 200—1000 nm.

Solar experiments and photocatalytic activity
measurements

Despite an artificial light source with a constant light, sunlight
source includes variable light intensities during the hours,
days, and seasons of the year. The variables of sunlight inten-
sity over time were measured in sunny days using a light meter
(LX-1108 Lutron). The total time of the experiments was 2 h
between 11:30 am and 2 pm providing maximum sunlight
intensity during the day in July and September. The average
sunlight radiations during the mentioned period in late July,
early August, and early September had a range of 2000—
3500 Ix. RR 195 degradation was investigated using its dif-
ferent initial concentrations in the range of 25-150 mg/L. The
experiments were carried out using 100 mL of RR 195 solu-
tion at the desired concentrations and adjusted pH values of
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( 0.5 mL of Tetra n-butyl orthotitanate solution ]t 0.5 mL of AgNO3 0.1 M+ 1 mL NH, ][ lmLO.thydmzhehydmIe(Nzl-L.H,O)]

v

v 4

( 0.2 g of H-form Fe-ZSM-5 in 30 mL 2-propanol ’

v

[ Transform in otoclave at 170 ° C for6 h ]

v

Solvent removal, Dried at 110 °C
Calcined at 550 °C for3 h

v

Fe-ZSM-5@TiO2-Ag

Fig. 2 The schematic diagram of different stages of the synthesis of Fe-ZSM-5@TiO,-Ag

the experimental solution. To adjust its pH, the effects of the
pH range of 2.0-9.0 on RR 195 removal were examined.
Upon adding the photocatalyst, the effects of the different
photocatalyst concentrations in the range of 100-500 mg/L
were studied. The samples with different TiO, loading con-
tents and different concentrations of 0.1 M AgNO; were se-
lected to examine the effect of TiO, and Ag content on the
photodegradation activity of the synthesized photocatalyst,
respectively. After adding an appropriate amount of the
photocatalyst, the aqueous slurry was stirred in the dark for
30 min to equilibrate the adsorption and desorption between
RR 195 and the photocatalyst. Then, it was irradiated under
natural sunlight on clear sunny days at ambient temperature.
The sampling time was considered to be once every 15 min.
The samples were transferred to the laboratory where their dye
concentrations were measured at 540 nm using the Palintest
Photometer 8000 (UK). At least, 3 replicate samples were
used for the whole analyses and the average values of which
were then reported.

Results and discussion

Physicochemical properties of ag-doped
Fe-ZSM-5@TiO, nanocomposite

XRD was used to investigate the phase structures of the sam-
ples. The XRD patterns of Fe-ZSM-5, Fe-ZSM-5@TiO,, and
Fe-ZSM-5@TiO,-Ag are shown in Fig. 3a, b, and c. The
peaks at2 =7.94,8.01, and 8.90" and 2 =23-25 respective-
ly corresponding to Fe-ZSM-5 and MFI frameworks con-
firmed the presence of Fe-ZSM-5 crystal phase [35]. The char-
acteristic peak of TiO, anatase form appeared at 2 =25.3°.
The 3 sharp peaks of 38.47°, 44.65°, and 64° were corre-
sponding to the crystal planes of (111), (200), and (220) ex-
hibited by Ag diffraction pattern, respectively. A match was
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Fig. 3 XRD patterns for a Fe-ZSM-5, b Fe-ZSM-5@TiO, and ¢ Fe-
ZSM-5@TiO,-Ag
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found for the customary Bragg reflections of Face-Centered
Cubic (FCC) silver, thus confirming the purities and identities
of the obtained precipitates based on the standard data of
JCPDS Card File (40783) [36].

The surface morphologies and size uniformities of Fe-
ZSM-5 and TiO,-doped Ag nano-particles (NPs) were studied
through SEM analysis (Fig. 4a, b, and c). The SEM image of
zeolite shown in Fig. 4a presents the cube-like crystals with a
clean and smooth surface. The synthesized zeolite had a nar-
row range of particle size (<1 um). As shown in Fig. 4b, the
small particles located on the cubic particles of Fe-ZSM-5 are
related to the nano-TiO, anatase. TiO, particles only adhered
to zeolite surface and cavities, but did not appear inside the
pores. The nano-TiO, particles were well distributed on its
surface and consequently unsmoothed it. Its particle size
showed a slight enhancement after TiO, loading. The SEM
image revealed the attaching of TiO, NPs to zeolite surface,
while no changes had occurred to the typical zeolite morphol-
ogy after TiO, loading.

40.0 KX 1um KYKY-EM3200 SN:0778

26 KV 40.0 KX 1um

Figure 5a and b portray the TEM images of the synthesized
zeolite and photocatalyst NPs in a size range of <100 nm with
their homogenous distributions on Fe-ZSM-5 surface. TiO,
has been deposited in zeolite structure via sol-gel method so
that a homogenous layer of the NPs with a uniform particle
size and shape has surrounded zeolite crystals with a thickness
of about 25 nm. As it is clear from the TEM images, zeolite
particles have undergone a slight increase of size after the NP
deposition. TEM images clearly displayed the coated NPs and
hence, Fe-ZSM-5 synthesis based on TiO, dopinged with Ag
was successful [37, 38]. It is noteworthy to mention that TiO,
NPs doped with Ag provided a highly stable condition inside
zeolite structure without breaking off, which could be the
result of electron transmission between the two phases. The
results suggested that the synthesized nanocomposite was in a
good crystalline quality.

The N, adsorption and desorption isotherms of Fe-ZSM-5
(Fig. 6a) indicated the presence of zeolite structure and an
adsorption/desorption curve with the overlapping like ~.

26 KV 40.0 KX 1um KYKY-EM3200

(b)

SN:0778

KYKY-EM3200

SN:0778

Fig. 4 SEM morphology for a Fe-ZSM-5, b Fe-ZSM-5@TiO, and ¢ Fe-ZSM-5@TiO,-Ag
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(a)

Fig. 5 TEM morphology for a Fe-ZSM-5, b Fe-ZSM-5@TiO,-Ag

Based on IUPAC classification, the adsorption and desorption
isotherms of Fe-ZSM-5 appear in the form of a type-II isother-
mal adsorption capable of increasing the volume of N, adsorp-
tion at relatively low pressures. This indicated that the zeolite
sample had a pore size distribution in the microporous region
[39]. The BET surface area, pore size, and volume are summa-
rized in Table 1. It can be observed that the adsorption and
desorption isotherms of ZSM-5, Fe-ZSM-5 @TiO,, and Fe-
ZSM-5@TiO,-Ag (Fig. 6a, b, and c) are not the same for a
specified region of relative pressures. The N, adsorption and
desorption isotherms of Fe-ZSM-5@TiO, and Fe-ZSM-
5@Ti0,-Ag represent a type-IV isotherm curve with a hyster-
esis loop. The adsorption and desorption branches are parallel,
which is the characteristic of an H,-type loop commonly ex-
hibited in mesoporous materials [40]. After loading TiO, onto
Fe-ZSM-5, the photocatalyst surface area enhanced compared
to that of zeolite, which could be due to the growth of TiO, NPs
and their depositions on the photocatalyst surface without
blocking zeolite pore system. Immobilization and crystalliza-
tion of TiO, on zeolite structure could form a microporous
structure capable of increasing the pore volume of TiO>—zeolite
nanocomposites [39] (Table 1). Ag doping led to the reduction
of the photocatalyst surface area with an average pore diameter
of larger than those of Fe-ZSM-5 and Fe-ZSM-5@Ti0O,. In
addition, the micropore volume of the synthesized
photocatalyst decreased compared to those of Fe-ZSM-5 and
Fe-ZSM-5@TiO,. Immobilization of Ag-doped TiO, crystal-
lites on the external surface of zeolite blocked zeolite pores and
resulted in the micropore volume attenuation. Investigation of
the specific surface area of Ag-doped Fe-ZSM-5@TiO, before
and after surface modification with Ag using N, adsorption/
desorption technique showed that more increase in the silver
amount of Fe-ZSM-5@TiO, photocatalyst can cause more de-
crease in the specific surface area of the Ag-doped
photocatalyst. This could be due to the blocking of Fe-ZSM-
5@TiO, pores and channels via Ag doping [41, 42].

7The FT-IR spectra of pure Fe-ZSM-5, Fe-ZSM-5@TiO,,
and Fe-ZSM-5@TiO,-Ag nanocomposites are presented in
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Fig. 7a, b, and c. The FT-IR spectra of the precursor revealed
the strong OH stretching and absorbing bands resulting from
the vibration of silanol groups (Si—OH), as well as adsorbing
of water molecules at 3500 and 3646 cm ™' [43, 44], which had
been induced by the interaction between Si groups in zeolite
and water molecules. The peaks observed at 792 and 1300—
800 cm ™' were due to the asymmetric or unsymmetric
stretching vibrations of (T-O-T) = Si, Fe, and Ti in the zeolite
and photocatalyst network. The vibrational peak at 546 cm ™'
confirmed the Quintet ring structure of ZSM-5 zeolite [44].
Vibrations of T-O (T =Si, Fe, and Ti) asymmetric bending,
asymmetric stretching vibrations, and symmetric stretching
peak of TO,4 group were observed at 462, 1008, and
1680 cm ™', respectively. The vibrations at 859 and
1087 cm™' were attributed to the stretching vibration of Ti—
O-T (T=Si, Fe, and Ti) resulted from TiO,4 area [45, 46].
Transition metal Ag nanoclusters are generally more strongly
attached on oxide supports such as T-O (T =Si, Fe, and Ti)
that allow the formation of O-rich metal-support interfaces
[47]. The band at 730 cm ™' could be possibly due to the
asymmetrical stretching vibration of Ti-O-Ag [48] which
confirms that the synthesized nanocomposit is not a mechan-
ical mixture of TiO, anatase, Ag, and zeolite. After TiO, de-
position in zeolite structure, the peak intensity at 3500 cm ™'
declined, thus suggesting replacement of a significant amount
of O—H bond attached to silanol groups with O—Ti. The depo-
sition destroyed O—H bond attached to silanol groups, while H
was replaced by Ti. The peak identified at 1654 cm ™' was
ascribed to the bending vibration of OH [22, 34]. The private
peak of Ti—O (Ti—O-Si and Ti—-O—Fe) bond was observed at
the areas of 850 and 1087 cm ' [49, 50]. The absorption band
at 897 cm™ ' in the FT-IR spectrum of the synthetic
photocatalyst represented TiO, phase. These observations in-
dicated that bonds had been made between Ti and the nano-
composite structure and proved that the microporous layer of
TiO, crystallites had been formed in zeolite structure [39].
Based on the formations of new bonds, it was deduced that
the synthesized photocatalyst was not simply a mechanical
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Fig. 6 The N, adsorption/desorption isotherm of synthesised a Fe-ZSM-
5, b Fe-ZSM-5@TiO, and ¢ Fe-ZSM-5@TiO,-Ag

mixture of TiO, anatase, Ag, and zeolite, but a new
nanocomposite.

In UV-Vis spectroscopy, when the material is placed under
irradiation, electrons are transmitted from the atomic or

Table1  Surface texturing data of as-prepared ZSM-5 zeolite, Fe-ZSM-
5@TiO, and Fe-ZSM-5@TiO,-Ag photocatalyst

Properties Fe-ZSM-5 Fe-ZSM-5@TiO, Fe-ZSM-5@TiO,-Ag
Sger m7g 380 388 332

dp, nm 1.67 2.38 475

Vypem®g ! 024 0.23 0.39

Vs cc.g ' 0.19 0.19 0.09

%V mp 78.48 81.47 23.10

molecular orbitals of a lower energy to a higher energy. The
electron transfer process may occur at the interfaces between
metal ions and organic and inorganic molecules. [51] Fig. 8a,
b, and c display the UV—Vis spectra of the products measured
within the regions of 200—1000 nm. The absorption edges of
Fe-ZSM-5@TiO, and Fe-ZSM-5@TiO,-Ag nanocomposites
were at 560 and 630 nm, respectively. The changes in the band
gap energies of the synthetic photocatalysts were calulated
according to Equation 1 [52]:

hC
Band gap energy (E) = - (1)

where h is Plank’s constant equal to 6.626%10>* J sec; C is the
speed of light equal to 3.0%10% m/s; and A is the cut-off wave-
length in a meter scale.

The band gap energies with the absorption edges of A = 560
and 630 nm were calculated to be equivalent to 2.22 and
1.97 eV, respectively. The absorption features suggested the
possible activation of Fe-ZSM-5@TiO,-Ag photocatalytic ac-
tivity by visible light.

Photocatalytic degradation of RR 195 under sunlight
irradiation

In order to examine the effect of adsorption by photocatalyst
on RR195 photodegradation, experiments were conducted
both in the absence (dark condition) and presence of sunlight
at photocatalyst concentration of 300 mg/L and pH of 3.0 for
120 min. The RR195 removal at initial dye concentration of
50 mL/L, pH of 3 and photocatalyst concentration of 300 mg/
L under absence of photocatalyst, absence of sunlight and
presence of both photocatalyst and sunlight are illustrated
in Fig. 9. Fe-ZSM-5@TiO,-Ag was only used as an absor-
bent, while the reactor was kept in dark for 120 min to reach a
steady state. A very low amount of the dye was removed by
Fe-ZSM-5@TiO,-Ag under the dark condition at pH value
of 3, while maximum dye removal of 98% was achieved
under sunlight with the same operational condition. The rea-
son of low removal efficiency under dark condition may be
due to very low adsorption of RR195 by Fe-ZSM-5@TiO,-
Ag surface.
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Fig. 7 The FT-IR spectra in the 792
4004000 cm ! range of prepared } 10?5
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In order to examine the effect of sunlight on RR195
photodegradation, experiments were conducted in the pres-
ence of sunlight and absence of photocatalyst under the above
condition. The RR195 removal of about 6 % was achieved
under the mentioned condition. The results illustrated that
photodegradation process played a more important role than
adsorption process. All these results indicate that in the ab-
sence of photocatalyst, there is no radical generation to de-
grade RR195. On the other hand, in the absence of sunlight,
photo-excitation of Fe-ZSM-5@TiO,-Ag cannot be occurred.
Therefore, both sunlight and photocatalyst are needed for ef-
fective removal of RR195. This result is in agreement with
previous reports [30, 31, 53].

Absorbance, a.u. EE————

Wavelength, nm

Fig. 8 The UV-Vis absorption spectra of prepared a Fe-ZSM-5@TiO,
and b Fe-ZSM- 5@TiO,-Ag
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Effect of pH

pH is a main factor affecting the degradation rates of
some organic compounds during the photocatalytic pro-
cess and plays a significant role in OH radical generation
[54]. Moreover, pH of a solution is the major influential
parameter on adsorption since affecting the chemical
properties of both the dye molecules and the adsorbent
[7, 55]. The effects of the pH range of 2.0-9.0 on the
removal of RR 195 were investigated and illustrated in
Fig. 10. At a pH value of 3, the dye removal effectiveness
was more than neutral and thus more playable. The
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Fig.9 The RR195 removal at initial dye concentration of 50 mL/L, pH of

3 and photocatalyst concentration of 300 mg/L under a absence of
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photocatalyst and sunlight
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Fig. 10 The effect of pH on RR195 photodegradation using Fe-ZSM-
5@TiO,-Ag (initial dye concentration of 50 mL/L, photocatalyst
concentration of 300 mg/L)

removal rate was decreased by increasing pH.
Accordingly, the highest and the lowest removal rates
were obtained at the pH values of 3 and 9, respectively.
Acidic media provide higher degradation rates, which de-
crease with increasing pH. The results are in accordance
with the results reported by Safari et al. [18], who studied
photocatalytic degradation of tetracycline using nanosized
TiO, under UV irradiation. pH effect was related to the
catalyst surface ionization, zeolite behavior in the alkaline
and acidic media [56], and the dye form and structure
consisting of acids and amines. Its efficiency could
change due to the release of protons via photooxidation
and reversible protonation of TiO, surface [21]. To ex-
plain the mechanism of pH effect on the adsorption, it is
necessary to first identify the surface charge on the ad-
sorbent and adsorbate. The isoelectric point of TiO,
where zeta potential equals zero is 6.4 [30]. Due to the
H-bond formation between the catalyst protons and a sin-
gle pair of electrons on the dye amino group in an acidic
solution, the synthesized photocatalyst could strongly ad-
sorb the dye. Therefore, a quick photodegradation rate
would be achieved in acidic solutions under sunlight
compared to the cases of neutral or alkaline pH solutions
[57]. RR 195 is an anionic dye containing a negatively
charged group. The higher adsorption capacity at a lower
pH value might be due to the electrostatic attraction be-
tween the negatively charged molecules of the dye and
positively charged molecules of Fe-ZSM-5@TiO,-Ag.
Therefore, the removal process was much more effective
in an acidic compared to alkaline condition. These results
are similar with results reported by Hemmati Borji et al.
[17], who found that phenol degradation was much more
effective in an acidic compared to alkaline condition
using Fe(Il)-doped TiO, and TiO, nanoparticles.

Effect of the catalyst concentration

To determine the optimal loading of the catalyst, RR 195
degradation was studied by using various concentrations of
the catalyst within the range of 100-500 mg/L. The results
are presented in Fig. 11. By increasing the catalyst concentra-
tion from 100 to 300 mg/L, the dye discoloration efficiency
was observed to enhance. As shown in Fig. 11, an increase in
the catalyst concentration results in an enhanced initial rate
until it reaches its maximum value and remains almost con-
stant at any higher concentrations. The optimum concentra-
tion of the catalyst for the highest degradation efficiency of
RR 195 was at 500 mg/L under the experimental conditions
specified in Fig. 11. The numbers of the absorbed photons and
adsorbed dye molecules were increased by enhancing the cat-
alyst concentration leading to an elevated degradation rate
[19]. Enhancement of the catalyst amount resulted in the in-
creased numbers of hydroxyl and superoxide radicals caused
by enhanced active sites on the photocatalyst surface [58]. The
results are in accordance with those obtained by other re-
searchers who studied the effect of TiO, concentration on
the degradation of other organic pollutants [18, 59, 60]. In a
study performed by Safari et al. [18], the degradation rate
constants of tetracycline degradation increased with increas-
ing TiO, density and declined slightly at a very high TiO,
concentration under UV irradiation.

Effect of the initial RR 195 concentration

The initial concentration effect of the dye solution on its pho-
tocatalytic degradation was an important part of this study. To
this goal, varied initial concentrations of RR 195 in a range of
25-150 mg/L were considered. The photodegradation per-
centage was reduced by enhancing the initial concentration
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Fig. 11 Effect of the photocatalyst concentration on RR195
photodegradation using Fe-ZSM-5@TiO,-Ag (initial dye concentration
of 50 mL/L, pH of 3)
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of the dye solution as represented in Fig. 12. The highest and
lowest removal rates were achieved at the dye concentrations
of 25 and 150 mg/L, respectively. Hydroxyl radicals have a
very short lifetime of only a few nanoseconds and thus, they
find the opportunity for reaction only at or near the locations
of'their formations [61]. This behavior can be explained by the
greater adsorption of organic substances on the photocatalyst
surface as the initial concentration is elevated [31] and thus,
the dye ions cover the active sites in the photocatalyst struc-
ture. As a result, *OH radical generation on the photocatalyst
surface is lowered. In addition, decreased number of photons
are resulted from their interception prior to reaching the
photocatalyst surface, thus leading to a reduced degradation
percentage [62, 63]. Also, the effect of UV screening on the
dye can be another possible reason for achieving such a result.
Instead of TiO, particles, the dye molecules may significantly
absorb UV at a high concentration, which causes the reduced
concentrations of *OH and O, —and decreased efficiency of
the catalytic reaction [56]. Consequently, the enhanced initial
concentration of the dye would result in the increased require-
ment of the catalyst surface for degradation. These results are
similar with results reported by Safari et al. [18], who studied
tetracycline degradation using TiO, under UV irradiation.
They found that the tetracycline degradation rate constants
decreased with increase of the initial concentration of it. In
another study, Hemmati Borji et al. [17] reported that photo-
catalytic degradation efficiency of Fe(Ill)-doped TiO, and
TiO, nanoparticles decreased with increase in initial concen-
tration of phenol.

Effect of ag content

The degradation stability and efficiency have been shown to
be improved by the promising Ag-modified photocatalyst.
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Fig. 12 Effect of initial dye concentration on RR195 photodegradation
using Fe-ZSM-5@TiO,-Ag (initial dye concentration of 50 mL/L, pH of
3, photocatalyst concentration of 300 mg/L)
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The interfacial transfer of charges can be promoted by
allowing noble metals like Ag to precipitate on TiO, surface,
which acts as a trap for electrons and thus slows down the
electron-hole pair recombination. The photocatalytic efficien-
cy can be enhanced under visible light [64]. As it is illustrated
in Fig. 13, by increasing the Ag content of the photocatalyst,
the dye removal increases up to an optimum amount of Ag
and then decreases. Table 2 summarizes the effect of different
Ag contents of the photocatalyst on RR 195 removal percent-
age. By trapping electrons, Ag can effectively facilitate
electron-hole separation and enhance electron production
on TiO, surface, thus increasing the photocatalytic activity.
Silver doping more than its optimum content induces a col-
lection of silver particles, increases the electron-hole recom-
bination centers, and ultimately reduces the photocatalytic
efficiency [65]. In this study, 0.5 mL of 0.1 M AgNO; was
considered as an optimum amount. Under sun radiation,
TiO, NPs and silver were both promoted to generate
electron-hole pairs. The electrons and holes generated in
TiO, and silver reacted with water and produced Reactive
Oxygen Species (ROS). The photocatalytic activity of the
TiO; nanostructure in the presence of pure sunshine would
be increased by doping Ag particles with it and facilitating
electron movement via their absorption. In addition, the syn-
thesized photocatalyst was composed of Fe-ZSM-5, which
had Fe content. Fe can play arole as both an electron injector
and a hole trap. The electron-absorbing NPs would stop the
electron-hole pair recombination and thus greatly increase
the photocatalytic activity. At the same time, O, generated
from Ag made a great amount of the radical form of OH,
which improved the photocatalytic activity under sunlight.
Therefore, the photocatalytic activity could be increased by
the Ag-doped TiO, based on zeolite under sunlight since
being in the range of silver quantum dots [66].

100 A

— e 025miof0.1 MAgNO,
o 0.5 ml of 0.1 M AgNO,
801 e —— 0.75mlof0.1MAgNO, o
—_— A — 1 ml of 0.1 M AgNO, o

Dye removal, %

-40 20 0 20 40 60 80 100 120 140
Time, min

Fig. 13 Effect of silver content on RR195 photodegradation using Fe-
ZSM-5@TiO,-Ag (initial dye concentration of 50 mL/L, pH of 3,
photocatalyst concentration of 300 mg/L and 0.5 mL of TBOT)
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Table 2 Effect of different Fe-

ZSM-5@TiO,-Ag compositions Sample

TiO, loading

silver content RR 195 removal

on RR 195 removal percentage (mL of TBOT) (mL of 0.1 M AgNOs) (%)

(initial dye concentration of

50 mL/L, pH of 3, photocatalyst Fe-ZSM-5@TiO,-Ag 0.25 0.5 66

concentration of 300 mg/L) 0.5 0.5 78
0.75 0.5 62
1 0.5 54
0.5 0.25 66
0.5 0.75 58
0.5 1 48

As illustrated in Fig. 13, the dye removal decreases at the
0.1 M AgNO; amount of higher of 0.5 mL. Ag particle depo-
sition of higher than an optimum amount might reduce photon
absorption by TiO, and consequently provide electron-hole
recombination centers, thus negatively affecting the
photocatalysis efficiency. Nevertheless, the photocatalytic ef-
ficiency would be lowered by excessive Ag doping since lead-
ing to Ag particle conglomeration and photogenerated
electron-hole recombination.

Effect of TiO, loading

The samples with different TiO, loading contents were select-
ed to examine the effect of TiO, content on the
photodegradation activities of the synthesized photocatalysts.
Determination of TiO, to fe-ZSM-5 and Ag optimum ratio
would reduce the required cost. As Fig. 14 shows, the removal
efficiency increases by enhancing the TiO, content of the
photocatalyst. In addition, Table 2 summarizes the effect of
different photocatalyst composition on RR 195 removal per-
centage. As the TiO, content of the photocatalyst enhances,
the number of active sites and subsequently, the generation of

80 1

——e——  0.25ml of TBOT
o 0.5 ml of TBOT o
——-v-—-—  0.75ml of TBOT
601 —-—A-—-  1mlof TBOT o

Dye removal, %
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Time, min

Fig. 14 Effect of TiO, loading on RR195 photodegradation using Fe-

ZSM-5@TiO,-Ag (initial dye concentration of 50 mL/L, pH of 3,

photocatalyst concentration of 300 mg/L and 0.5 mL of 0.1 M AgNO53)

hydroxyl radicals (OH") would be increased. This trend con-
tinues up to 0.5 mL of TBOT, while the removal efficiency
decreases at its higher concentrations. It might be due to TiO,
aggregation on Fe-ZSM-5 surface at higher TiO, contents.
TiO, aggregation would reduce the specific surface area and
active sites of the photocatalyst and consequently the
photodegradation rate.

The heterogeneous photocatalytic oxidation mechanism
using Fe-ZSM-5@TiO,-Ag can be explained as follows [67,
68]. The relevant reactions formula of high photocatalytic
activities of Fe-ZSM-5@TiO,-Ag nanocomposite under nat-
ural sunlight irradiation are shown as following:

Under natural sunlight irradiation, a photoelectron is pro-
moted from the filled VB of both TiO, and Ag nanoparticles
to the empty CB creating a h*(yp, in the VB and ¢ (cp, in the
CB according to Egs. (2) and (3).

TiO, + Natural Sunlight—TiO,(ecg + hyg™)

(2)
(3)

The photogenerated electrons and holes in TiO, and Ag
then react with water to produce reactive hydroxyl radical
(OH") followed by Egs. (4), (5), (6), (7) and (8). Generally,
most of electrons—holes pairs recombine rapidly on the surface
of the pure TiO, nanostructure while Ag nanoparticles on the
surface of Fe-ZSM-5@TiO,-Ag capture electrons effectively
and prevent the electron-hole recombination.

Ag + Natural Sunlight—Ag(ecg +hyg?)

H>0 (445) + hvg T —OH" (44s) + H (aas) (4)
02 + ecB =02 “(ags) (5)
02 " (as) + HT -HOO" (4 (6)
2HOO' 345y~ H202ags) + O2 (7)
H05(a45)—20H" (545 (8)

The OH’ radical formed on the Fe-ZSM-5@TiO,-Ag sur-
face is an extremely powerful oxidizing agent. It attacks
RR195 dye causing it to mineralize.
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RR195 + OH'—CO; + H,O0 (dye intermediates) 9)
RR195 + hyg*—oxidation products (10)
RR195 + ecp —reduction products (11)

Recycling studies

Recycling experiments were conducted under optimum con-
ditions to examine Fe-ZSM-5@TiO,-Ag photocatalyst stabil-
ity. To this aim, the photocatalyst particles were separated at
the end of the 3rd cycle by allowing them to settle for 90 min.
After filtering and washing them, they were calcined at 500 °C
for 3 h. The photocatalyst was then re-used for the dye remov-
al by keeping the other reaction conditions constant. The re-
sults are presented in Fig. 15. At the end of the 2nd and 3rd
cycles, the percentage of the dye removal was observed to be
slightly decreased, which could be explained by the accumu-
lation of by-products, such as organic intermediates, in the
cavities and on the active sites of the photocatalyst surface
after their formations, thus decreasing its activity by increas-
ing organic pollutant adsorption [30]. These results were
clearly indicative of the photocatalyst stability and reusability
for several cycles of environmentally friendly treatments with-
out losing its original activity in the relevant industries.

Conclusion

The hybrid materials based on Fe-zsm-5 zeolite and Ag-doped
TiO, were successfully synthesized. Accordingly, a high-
purity synthetic photocatalyst with a specific surface area of
332 m%/g was produced. XRD results indicated the coexis-
tence of Ag and TiO, phases. The presence of the anatase form
of Ag-doped TiO, onto zeolite was confirmed. The TEM
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Fig. 15 Dye removal as a function of the number cycle for the Fe-ZSM-
5@TiO,-Ag photocatalyst (initial dye concentration of 50 mL/L, pH of 3,
photocatalyst concentration of 300 mg/L after 120 min)
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measurements showed the formations of the nanocomposites
with the diameter sizes of 50—-100 nm. TiO, bounded to zeolite
network by Ti-O and Ti-O-Ag was evidenced via the FT-IR
spectra, which further indicated more durable loading of TiO,
onto zeolite rather than a simple physical combination. The
slight shifting of the absorption bands of Ag-doped TiO,
nanocrystals onto Fe-ZSM-5 zeolite were slightly shifted to-
wards the visible range was exhibited by the UV-Vis spectra,
resulting in a stronger response of sunlight.

Maximum dye removal (98%) was obtained under the op-
timum conditions of the photocatalyst concentration (400 mg/
L), pH value (3), and sunlight exposure time (90 min) under
ambient temperature after 120 min under natural sunlight by
using 0.5 ml of TiO, and silver ammonium nitrate.
Furthermore, by increasing the content of TiO, up to
0.5 mL, its photocatalytic activity was enhanced under natural
sunlight irradiation. This enhancement was related to the most
important role of TiO, doping. In fact, the photocatalytic ac-
tivity was ameliorated by facilitating a longer charge separa-
tion through Ag-doped TiO, NPs and trapping the
photogenerated clectrons under sunlight irradiation.
Introducing TiO, NPs to Ag nanostructure under visible sun-
light led to their synergistic effects on the thermocatalytic
activity and efficient transmission of electrons at the Ag/
TiO, interface, thus enhancing the photocatalytic activity of
Ag-doped TiO, nanocatalyst. In conclusion, this novel Ag-
doped TiO,-Fe-ZSM-5 nanocomposite with sunlight sensitiv-
ity can be a promising candidate to purify wastewater contain-
ing organic pollutants. Furthermore, the synthesized
photocatalyst was found to be stable and reusable for several
times with high efficiency under sunlight.
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