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The electrospinning technique is utilized to physically load Fe3;O4/TiO./Ag
nanoparticles on PCL/PEG nanofibers scaffold for oxidative decomposition of
2,4-dichlorophenol as a model organic pollutant. The scaffold is used in order to
eliminate the need for separation of the catalyst after treatment, thus, making
the catalyst system recyclable and reusable. Prepared nanofibers were
thermally processed to change the morphology to crystalline form to make
them transparent to visible light which is a necessity for the function of
photocatalysts. Different analysis techniques such as X-ray diffraction,
transmission electron microscopy, UV/Vis spectrophotometry, and field
emission electron microscopy were implemented to identify and characterize
presented products. Kinetic performance of both particulate system and
nanofiber system was determined. Prepared products demonstrated good
catalytic activity by 53% decomposing the target pollutant in 180 minutes of
visible light exposure. The new catalyst loaded nanofiber system maintained the
decomposition performance of the particulate system and improved its
reusability. Although this scaffold nanofiber based system demonstrates
slightly lower pollutant removal performance in the first run compared to the
ternary non-fixed particle system (53.12% vs 54.74%), it outperforms the non-
fixed particulate system through 2nd and 3rd runs. The decomposition rate is
improved from 52.37% to 52.81% in the 2nd run and from 48.08 to 51.02% for
the 3rd run. This photocatalytic system can be used as a reusable efficient
catalyst system for oxidative decomposing of 2,4-dichlorophenol.

1. Introduction

other industrial effluents [1-3]. Different oxidative
agents such as hydrogen peroxide, ozone,

Utilizing oxidising agents to convert contaminants
into less harmful chemicals is a process known as
oxidative degradation. The method is used to clean
up organically contaminated wastewater and
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potassium permanganate, and more importantly
metallic oxides in nano scale are a few of the
oxidizing substances employed in this procedure.
Many studies have successfully used this method
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for removal of pollutants such as dyes, pesticides,
and pharmaceutical [4-7]. Titanium
dioxide (TiO2) is a multipurpose substance that has
potential uses in a variety of fields, including
energy storage and photocatalysis. This metallic
oxide is used as a photocatalyst in the degradation
of organic pollutants. Upon exposure to ultraviolet
light, reactive oxygen species such as Oz*” (ROS) are
produced by TiO2, and for this reason, we observe
its photocatalytic activity. The reactive oxygen
species can then react with the pollutants and
break them down into less harmful substances [8-
10]. The large intrinsic band gap of TiO; is one of the
bottlenecks in developing artificial
photosynthesis with TiO,. The large band gap of 3.2
eV limits the photocatalytic activity of TiO; to
ultraviolet light only. In other words, TiO, cannot
absorb visible light which is the main source of
energy from the sun. This limits its use in
applications that require visible light absorption
such as photocatalysis in its unprocessed form
[11,12], Additionally, TiO, cannot retain its excited
state after the absorption of ultraviolet light and
the light introduced active electrons and holes
recombine to inactivate its photocatalytic activity.
This recombination rate is influenced by several
factors such as the surface area of the catalyst, the
crystal structure of TiO,, and the presence of
impurities [13,14]. TiO2 is generally considered safe
for use in consumer products and is widely used in
sunscreens, cosmetics, and food products.
However, there are concerns about the safety of
TiO2 nanoparticles which are used in
applications such as photocatalysis and
photovoltaics. The toxicity of TiO, nanoparticles is
still under investigation [15]. Doping TiO, with non-
metals such as carbon and nitrogen is often
reported as one of the most effective ways of
increasing its photocatalytic activity under visible
light. The doping process can be achieved by
introducing impurities such as nitrogen, carbon, or
metals into the TiO; lattice. Doping can also
improve the photocatalytic activity of TiO, by
reducing the recombination rate of electrons and
holes [14,16,17]. Other ways to modify the band gap
of TiO include doping with metals such as silver,
copper, and iron. Another way is to modify the
crystal structure of TiO; by using different synthesis
methods [13,18,19]. Metals like silver show plasmon
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resonance in the visible spectrum. For example,
silver shows a strong surface plasmon resonance at
wavelengths of 410-420 nm for nanoparticles. The
surface plasmon resonance of silver nanoparticles
can be tuned by changing the size and shape of the
particles. Silver nanoparticles can be decorated
over TiO; surface through the localized surface
plasmon resonance (SPR) effect. The SPR effect of
silver nanoparticles on TiO; surface can enhance
light absorption and drive dye molecules to an
excited state more effectively than far-field light
[16]. Chlorophenols are a group of chemicals which
are created when phenol is electrophilically
halogenated with chlorine. There are 5 basic types
and 19 different chlorophenols.
chlorophenols are used as pesticides and
herbicides. Others are used as antiseptics and
[20-22]. 2,4-dichlorophenol
dichlorophenol that is phenol carrying chloro
substituents at positions 2 and 4. It is a colorless
crystalline solid with a medicinal odor. Its melting
point 45 °C and sinks in water which produces a
mildly acidic solution. Strong irritant to tissues;
toxic by ingestion. It is produced on a large scale as
a precursor to the herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D). Additionally, it
can be created as a byproduct of the production of
various chlorinated chemicals, the chlorination of
water and wood pulp, as well as the burning or
incineration of municipal solid waste, coal, and
wood [23-25]. It is also a photo-degradation
product of the
antifungal agent triclosan along with the dioxin
2,8-dichlorodibenzo-p-dioxin.  Breathing  2,4-
Dichlorophenol can irritate the nose, throat and
lungs causing coughing, wheezing
shortness of breath and may damage the liver and
kidneys. Repeated exposure may affect the nervous
system causing headache, dizziness, nauseq,
vomiting, weakness and even coma [26-28]. As a
result, it will be critical to find new and effective

Some

disinfectants. is a

common antibacterial and

and/or

solutions to reduce the environmental harm caused
by chlorophenols. The other problem we are facing
when using TiO; based particles is their separation
after pollutant treatment of wastewater material
[12,29]. Post treatment separation of TiO, based
particles proved to be hard because it is very well
dispersed
techniques such as filtration or utilization of

in water. Traditional methods use
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external force fields such as centrifugation and
magnetic field treatment [30,31]. Trenary
microspheres of FesO4/TiO2/Ag is also studied as a
recyclable catalyst system under UV and Visible
light with great success (80% degradation after
100 min of light exposure) [32].
usually result in the loss of catalysts and other
resources. Here we investigate the possibility of
loading particles on nanofibers by electrospinning
technique. This process initially fixes the particles
in polymer mesh with a large specific surface area
to facilitate mass transfer. There are multiple
studies concerning long term and in use stability of
TiO2 based nanocomposites [33-37]. It is reported
that Fes04/TiO2/Ag system could be stored for 1
year when dried and in the dark [34]. In aqueous
medium, the composite is stable for 3 weeks, and
finally, when the medium is slightly acidic (0.1 M
acetic acid solution) the catalyst system is stable
for 1 week [34]. PCL is a biocompatible polymer
that does not introduce a new form of pollution to
the medium. This polymer, with a small addition of
PEG, also is readily electrospinnable. This property
makes producing
nanoscale fibers with a large specific surface area.
Additionally, PCL is one of the most chemically
stable biocompatible polymers, the degradation of
the molecular chain of PCL in neutral pH aqueous
medium is reported to be around 6 months.
Moreover, PCL can easily be converted to a
crystalline phase (by heat treatment) to make it
transparent to visible light. It is important because
the metallic particles require light to perform their
oxidative responsibility. Electrospun PCL nanofibers
have been used as a scaffold by multiple
researchers. In a study, the possibility of attaching
Nickel nanoparticles on PCL/Chitosan electrospun
nanofibers for degradation of nitrophenols. They
were able to improve the activity and reusability of
particles compared to simple Nickel nanoparticles
[38]. In another study, palladium is loaded on
electrospun Polyethyleneimine/PCL fibers. These
fibers are used to oxidate 4-nitrophenol. PEI/PCL is
here also used to physically stabilize Nickel
nanoparticles and improve their usability [39]. On
the contrary, PCL nanofibers are seldom used as a
scaffold for photoactive catalysts because their
opacity, presents a barrier for the light to reach the
loaded catalyst particles. Thus, in this study, we

These methods

it a viable candidate for

employed thermal treatment to make the scaffold
transparent to visible light. This novel alteration
approach enables us to use the PCL based
nanofiber system as a scaffold for holding metallic
nanocatalysts for recycling purposes. Thus we used
PCL, a biocompatible polymer, as a base for a
scaffold that physically fixes nanocatalyst
particles, and at the same time, makes them
available for the decomposition process. A small
amount of PEG is also added to the polymer
mixture to make it electrospinnable. After the
electrospinning process, the produced systems are
opaque, thus they present a barrier against visible
and UV light to reach the metallic particle loaded
catalysts. For this reason, this catalyst loaded
nanofibers are heat treated to make them
transparent to visible light. Regarding the PCL
based nanofibrous scaffold, it is reported that the
fibers are structurally stable for 1year in phosphate
salinated buffer, but the molecular weight of PCL
starts to decrease after 6 mounts [40]. In this
study, we utilized the produced nanofibers to
investigate their oxidative behavior on the
decomposition of 2,4-dichlorophenol as a model
organic pollutant. The results are compared to the
catalyst in its powder particulate form. Figure 1
demonstrates the process of material preparation
and processes used in this study. First, we introduce
the materials and methods which are implemented
in the study. These methods consist of procedures
utilized to produce nanocatalysts and then how we
loaded them on nanofibers. Thus, we have done an
extensive identification of products. Finally, we
investigated and compared the results, and
presented the reader with our conclusions.

2. Materials and methods

2.1. Materials

Polycaprolactone (PCL) Pellets and Polyethylene
glycol (PEG) with average molecular weights of
respectively 80 and 10 kDa were purchased from
Sigma Aldrich (Interlab A.S. Istanbul, Turkey).
FesO4
Fe304-7H20 and FeCls-6H;0. Titanium isopropoxide,
TIP, and AgNOs were obtained from Merk. High
purity 2,4-dichlorophenol (98%) was purchased

nanopdarticles were prepared from

from Merk. Reagent grade solvents, including
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acetone (99.5% glacial acetic acid,

purity),
ammonia, and ethanol were also purchased from

Sigma Aldrich (Interlab A.S. Istanbul, Turkey).
2.2. Preparation of FesO4 nanoparticles

The co-precipitation approach was used to create
Fe203 nanoparticles in this work. In distilled water,
0.7954 g of iron (ll) chloride, FeCl2.4H,0O, and 1.2974
g of iron (lll) chloride, FeCls were dissolved.
Throughout the experiment, the mole ratio of iron

() chloride to iron (lll) chloride was held constant
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Fig. 1. Diagram of material preparation and processes.
2.3. Preparation of Fes04/TiO; nanostructure

The following steps were used to create the
Fes04/TiO2, composite. A solution of FeCl,.4H,O
(0.98 g) and FeCl3.6H.0 (2.4 g), with a mole ratio
of 1:2, was vigorously agitated for 10 min before
being purged with nitrogen to eliminate oxygen. A
25 weight percent NHsH2O solution was then used
to bring the suspension's pH down to 10.0. After
that, the suspension was transferred into a 100 mL
flask and kept at 80 °C for 30 minutes in a water
bath. Then, via magnetic attraction, the black
precipitate was washed with 50% ethanol. The
Fe304 NPs were then gradually added to a4 mL 0.01

S
\ \".‘o.

PCL —
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at 1:2. After that, the solution was stirred for 30
minutes on a hot plate using a magnetic stirrer.
Different processing temperatures, pH, and stirring
speeds were all controlled during the mixing
processes. The combined solution was then
separated by centrifugation at 4000 rpm for 15
minutes. The separated precipitate was dried in an
oven at 100 °C for 24 hours. Finally, using a pestle
and mortar, the dried dark brown precipitated
sample was collected and crushed into powder

form [41,42].

Fe;04/TiOz/Ag

Catalyst
loaded
nanofibers

M TiF4 solution and vigorously agitated for 10 min.
After that, the suspension was put into a Teflon-
sealed autoclave along with 50 mL of deionized
water. For 48 hours, the autoclave was sealed and
kept at 180 °C before being allowed to cool in room
air. Magnetic separation was used to separate the

reaction product from the final Fes04/TiO;
Nanoparticles [43,44].

2.4. Preparation of Fes04/TiO2/Ag nanocomposite

TiO2/Fe304 (0.50 g) was sonicated into suspension
in deionized water (10 ml), to which AgNOs (0.46
ml, 100.0 mM) was gently added. After the mixture
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had been stirred at 20 °C for 30 minutes, it had
and Na;COs (0.5 ml, 1.0
percent w/v) had then been gradually added. The

been homogenized,

final slurry was filtered and allowed to air dry
[6,45].

2.5. Preparation of PEG/PCL loaded solution

Solutions of PEG/PCL with a total concentration of
12.5%, (w/v) containing 1, 5, 10, 15, and 30% (w/w)
of Fes04/TiO2/Ag were prepared by dissolving an
appropriate amount of PEG, PCL, and catalytic
composted system of
acetone/acetic acid (3/7 v/v), and then stirred for
6 hours to ensure complete dispersion.

in a mixture solvent

2.6. Electrospinning of prepared solution

The electrospinning process was carried out using a
custom-made electrospinning setup made by the
authors of this manuscript at the chemical
engineering faculty of the University of Guilan,
which consists of a controllable relative humidity
and temperature chamber, a high precision syringe
pump, and a high voltage power supply. The
prepared solutions were placed in air-sealed
syringes attached to a 23G stainless steel needles
with inner and outer diameters of respectively 0.33
mm and 0.64 mm. Subsequently, syringes were
placed inside the electrospinning chamber. The
high voltage power supply's positive electrode was
connected to the needle, and the negative
electrode was attached to the static circular
stainless-steel disc collector. Before initiating any
of the experiments, the temperature and relative
humidity of the chamber were fixed at respectively
25+1 °C and 30+5 %. The flow rates of all processes
were fixed at 0.5 mL/h. The nuzzle to collector
distances of 10 cm with applied voltages of 26.5 kV
resulted in electrical field intensities of 2.65 kV/cm
[46]. The fiber formation process needed 4 hours to
complete, to the extent that an appropriate
amount of fiber would be available for further
processing and evaluation steps.

2.7. Heat treatment of catalyst loaded nanofibers

The dried electrospun samples were thermally
treated at 50 C for 5 hours in a vacuum oven.
Through this process, PCL based nanofibers deform
to crystalline morphology and appear transparent
to visible light [47].

2.8. Identification and characterization

Field emission electron microscopy
(FESEM) was used to scan catalyst-loaded polymer
systems (Tescan Mira3, Tescan Orsay Holding, a.s,
Brno, Czech Republic). Hence, small pieces of
polymer mats were cut out and placed on a metal
slab and were gold-sputtered after a vacuum time
of 20 minutes. Nanocomposite SEM images were
produced by Vegall-Tescan SEM device equipped
with elemental mapping. The absorbance spectra
of samples were obtained using a Carry UV-50 UV-
Vis spectrophotometer. Transmission
microscopy (TEM Philips EM 208S) images of
samples were obtained by collecting fibers on TEM
mesh grids. For this purpose, mesh grids were
installed on the collector disc of the electrospinning
setup and the process was carried through for 1
minute to collect enough fibers for microscopy and
prevent excessive fiber deposition. TEM made us
able to determine the morphology and size of the
core side of prepared samples. XRD analysis of
prepared samples was carried out using an Xpert
Pro Panalytical (Malvern Panalytical, Malvern, UK)
X-ray diffractometer. The X-ray beam was
produced using a 2.2 kW Cu-LFF anode at the
voltage of 60 kV. The scan covered 2 theta angels
in a range of 20-80 degree, at 1/m rate.

scanning

electron

2.9. Photocatalytic degradation of 2,4-
dichlorophenol

In this study, 2,4-Dichlorophenol, a chlorinated
derivative of phenol with the molecular formula
Cl2CéHsOH, is organic
pollutant. An OSRAM Halogen lamp was used as
the light source in the degradation process. This
light source produces light in a wavelength range
of 350 to 800 nm and the emittance maximum is at
575 nm. Photocatalyst loaded nanofibers were cut
in square shapes and were horizontally placed at
the bottom of a beaker so that the surface area is
normal to the light source. The beaker contains 100
mL of 40 ppm 2,4- dichlorophenol. Initially, the
beaker is wrapped in an aluminum foil to block the
ambient light. To ensure the chemical equilibrium
on the fiber-solution interface, the fiber holding
solution is mechanically stirred for 10 min before
the photocatalytic oxidation process.
Subsequently, the beaker is exposed to the light
source for 180 min, and between certain time

selected as a model
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intervals, 2 mL samples were gathered from the
solution to spectrophotometrically analyze using a
Carry UV-50 UV-Vis spectrophotometer.

3. Result and discussion

3.1. X-ray diffraction patterns and morphological
studies

Figure 2 shows the XRD patterns of prepared Fe3Oy,
TiO2/Fe304, Fes04/TiO2/Ag, and nanofibers before
and after heat treatment. Considering the FesO4
XRD pattern signifies characteristic diffractions at
20 angles of 30.1°, 35.7°, 43.3°, 53.8°, 57.5° and
62.9°, which are consistent with the XRD pattern of
FesO4 spinel reported in the literature [48]. This
observation indicates that FesO4 nanoparticles are
in their crystalline phase. Regarding the pure TiO;
diffraction patterns, we can see peaks at 26 = 25.4°,
37.6°, 48.0°, 53.8°, 55.1°, and 62.8°, which
correspond to the crystalline state of TiO2 in
anatase phase [49].
TiO2/Fes0sy,

predominantly matches the pattern of pure TiO;,

Regarding the case of

we can see that the pattern

but at a lower intensity. Furthermore, some weak
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diffractions of FesO4 are also visible, suggesting
that the FesO4 particles are coated with TiO;
particles in the formation of the composite. If we
look at diffraction patterns of FesO4/TiO2/Ag, we
can observe peaks at 26 angles of 38.0°, 44.1°,
64.0°, and 77.3°. These peaks correspond to (111),
(200), (220), and (311) planes of silver crystals
which are consistent with the peaks reported in
JCPDS database [50]. There is no diffraction peak
of pure metallic silver present in the diffraction
pattern of Fe304/TiO2/Ag due to its small size and
low concentration in the composite matrix. Figure
2 also plots the X-ray diffraction of catalyst loaded
nanofibers before and after heat treatment. The
shape of plots predominantly resembles the XRD
pattern of pure PCL because it is the main
component of the system. This plot indicates that
the fibers are initially in the amorphous phase, but
after heat treatment, a sharp peak appears that
the shift
Additionally, the peaks corresponding to that of

suggests to a crystalline state.

Fe304/TiO2/Ag are small because of the low number

of particles are present in the polymer matrix.
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Fig. 2. XRD patterns of (a) FesO, (b) TiO; (c) Ag (d) FesO4/TiOz/Ag, (e) TiO2/Ag, (f) TiO2/FesOs4 [45] and catalyst

loaded fibers (h) before and (g) after heat treatment.
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In order to find the average crystal size of the
component we used the Scherrer equation as
presented in equation 1:

D =klcosq (1

Here, D, stands for average crystal size, | is the
wavelength of X-ray beam (for Cu-LFF A=
1.540564), b is the full with of diffraction at the
half maximum radiation, K is a correction factor
equals to 0.89, and ( is peak angle diffraction.
These parameters are displayed in Table 1. The

1/d? = (k? + h?)/a? + 12/c? ()

Afterward, Braggs law was used to determine
interplanar space, thus:

I
2sinq (3)
The final step was to calculate the tetragonal cell
volume. Eq. (4) is the geometrical relation to
calculate cell volume:

dhkl

(4)

anatase phase tetragonal lattice parameters of V = a’c

(101) crystal plane is calculated using equation (2).

Table 1. Crystal properties of the prepared samples [45].
Sample Phase Crystal Size (nm) a,b (A) C (A) Cell Volume (A3)
TiO2 anatase 10.35 3.75 9.60 136.30
TiO2/Fes04 anatase 7.10 3.75 9.32 134.87
Fes04/TiO2/Ag anatase 8.15 3.75 9.00 127.75

Data presented in Table 1 suggests that lattice
parameters are in good agreement with values
presented in the literate. Since lattice parameters
and XRD pattern of TiO2 do not alter after the
addition of other components, we can conclude
that the addition of FesOs4 and Ag onto TiO:
preserves the TiO; anatase phase and additional
components are deposited on the surface of TiO;
rather than entering into a matrix structure.

3.2. Morphological study of prepared samples
Figure 3 shows the FESEM images of the produced

Fes04/TiO2/Ag nanoparticles. This image
demonstrates that FesOs4 nanoparticles are
wrapped by TiO; nanoparticles, and the

nanocomposite is decorated by Ag at the top. This
conclusion is derived from elemental mapping done
FESEM  images of metallic oxide
nanocomposites. These images indicate that Ti and
Ag sit on the outer layer of the nanoparticles of
Fes04. By examining these results, we can calculate

over

the composition of each element in the system.
Table 2 presents the numerical values for these
parameters. Figure 4 shows the TEM images of
metallic particles in which the gray TiO; surrounds
the FesO4 particles represented in dark color. The
bright Ag atoms particles are also scattered
throughout the composite. Figure 5 demonstrates

the FESEM images of the prepared electrospun
nanofibers before and after the heat treatment.
The image processing software Image J is used to
calculate the size metrics of the produced fibers.
For this purpose, three FESEM micrographs are
produced from random locations on the produced
fibers for running the Diameter) plugin. The
diameter distribution of the fibers, before and after
heat treatment, is also shown in Figure 5. The
micrographs indicate that the fibers are mostly
cylindrical, and their predominantly
ranges between 100 to 630 nm, with an average
diameter of 387.61 nm. The FESEM images do not
exhibit any major bead formation. Minimal fiber
cross-linking is seen, indicating that the nozzle
collector distance is enough for the solvent to
evaporate while the fiber jet is travlig towards the
collector. The size distribution also indicates that
the size distribution and morphology of the fibers
remain the same after the heat treatment. The only
evident morphological change
smoothness of the heat-treated fibers (Figure 5
(b)) compared to the untreated fibers (Figure 5
(a)). Figure 5 (b) shows that heat treatment of the
fibers has made the surface fibers smoother
because of changing their morphology to a more
crystalline state.

diameter

is the surface
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a b c d

Fig. 3. FESEM and elemental mapping images of a) TiO;, b) TiO2/Fes04, c) TiO2/Ag and d) Fes04/TiO2/Ag. Ti is
represented as blue, O, Fe, and Ag are also respectively represented in yellow, red, and green [45].
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Fig. 5. FESEM images of prepared nanofibers at (a) before heat treatment, (b) after heat treatment (c) close up after
heat treatment.

Table 2. Elemental composition of prepared samples [45].

Sample C (wt%) N (wt%) O (wt%) Ti (wt%) Fe (wt%) Ag (wt%)
TiO, 8.12 14.24 41.68 35.96 0 0
TiO2/Fe304 6.31 9.8 40.15 41.99 1.75 0
TiO2/Ag 10.26 12.43 37.12 36.13 0 4.06

Fe3s04/TiOy/Ag 8.73 12.24 43.84 31.16 1.94 2.09
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3.3. Photocatalytic
dichlorophenol

decomposition of 2, 4-

2,4-dichlorophenol is selected to investigate the
catalytic performance of the synthesized samples
in an aqueous medium. Table 3 demonstrates the
kinetic performance of each catalyst sample in the
decomposition process. It is evident that the
ternary system of Fe3zO4/TiO2/Ag performs better by
decomposing approximately 55% of the pollutant
in particle form after 180 min of UV/Vis radiation.
This result is previously confirmed in the literature
[45]. This improvement from single and binary
systems is the product of surface plasmon
resonance of silver doped nanocomposites, which
results in a lower band gap in the ternary system.
This means that at surface plasmon
resonance of Ag, emission of UV/Vis light, results in
the departure of a higher energy electron, thus the
delivery of electron from Ag to conductive electron
band of TiO; is accelerated and electron holes are
more readily available on Ag surface, which in turn
facilitates the oxidation process of pollutant. The
migrated O, molecules on the surface of TiOz keep
hold of the electron from the conduction band of
the catalyst. As a result, radical species such as
OH*® and 0O;*" are produced. Finally, the organic
pollutant is exposed to these molecules and
decomposed. The resulting defect-rich
Fes04/TiO2/Ag heterojunction produced much more
OH* and O;* free radicals on the surfaces of Ag and
TiO2, respectively, which would greatly facilitate
the surface redox reactions in photocatalytic
processes [51]. Figure 6 shows the mechanism
proposed in the present study for the formation of
Fe304/TiO2/Ag sample and photocatalytic oxidation
of 2,4-dichlorophenol over Fez04/TiO2/Ag sample.
Here we can see that photogenerated electrons
and holes are produced on the surface of
Fes04/TiO2/Ag as UV light strikes it. Fe 2+ and Fe 4+
ions, which are less stable than Fe3+ ions, can be
produced by Fe3+ ions by acting as electron and
hole traps. Thus it frequently returns to Fe3+ and
OH*® and O;* radicals are produced as a result [52].
Even though the conduction band of TiO, has a
higher energy level than the Fermi energy level of
Ag, the oscillation hot electron around Ag is
stimulated to a higher energy level. Hot electron
injection allowed it to do this, and these electrons
were also employed to produce free radicals, which

lower

increased the photocatalytic activity. In general,
photo-excitation, charge separation and
migration, and surface oxidation-reduction
processes are all components of the photocatalytic
reaction [53]. H*, OH®, and O;* are the reactive
species produced when photocatalysts are
activated. Identifying which reactive species are
crucial to the photocatalytic degradation of 2,4-
dichlorophenol is comprehend the
mechanism by which Fe and Ag degrade 2,4-
dichlorophenol. The OH* radical has been identified
as the most significant active species in the
photocatalytic oxidation process based on the
findings of the intermediate analysis and taking
into account the degrading routes proposed by
previous literature research [54,55]. The para and
ortho locations of the benzene ring are attacked by
the OH* radicals because they are electrophilic and
OH* groups have an electron-donating nature [56].

vital to
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- 2,4-DCP
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VB

OH Nh+ bt h+ ht

7 Tio,

OH'
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Fig. 6. Photocatalytic oxidation of 2,4-dichlorophenol
over Fes04/TiO2/Ag photocatalyst under visible
irradiation.

The next step was to determine the catalytic
performance of nanocatalyst loaded nanofibers.
The results in Table 3 indicate that prior to the heat
treatment of the nanofiber system, the catalytic
activity of the particles drastically decreased to
around 38% degradation after 180 min. This is due
to the blocking effect of the amorphous and
opaque polymer These optical and
morphological properties block the UV/Vis light
from reaching particles inside the polymer matrix.
On the contrary, after exposing the fiber mats to
heat and changing their morphology to a

matrix.
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crystalline form, it can be seen that the catalytic
performance of the fiber system is comparable to
the catalyst in particle form. To put it in numbers,
almost 53% of organic pollutant is decomposed
after 180 min of light treatment.

Table 3. Photocatalytic oxidation of 2,4-dichlorophenol
by 1 mg/L catalyst under UV/Vis irradiation.

Decomposition %

Catalyst after 180 min
TiO2 31.35
TiO2/Fe304 33.31
TiO2/Ag 41.37
Fe304/TiOy/Ag 54.53
Fe304/TiOy/Ag loaded nanofibers

38.09
before heat treatment
Fe304/TiO2/Ag loaded nanofibers 53 12

after heat treatment

3.4. Investigation of initial catalyst dosage

To investigate the effect of catalyst loading on

degradation rate, different concentrations of

60
50 39.85

9

c 40

.2

5

T 30

o

o

8 20 12.65
10

catalyst were mixed in the electrospinning
solutions. At low photocatalyst loading, the
removal of the organic compound 2,4-

dichlorophenol increased linearly with the catalyst
loading. the presence of excess
photocatalyst in the electrospinning solutions
prevented fiber formation [49]. The reason for this
observation was the severe change of electrical
conductivities of the electrospinning solution by
the introduction of metallic catalyst particles.
Fibers were not obtained with a catalyst loading of
more than 10 % (w/w). In this regard, the effect of
the photocatalyst loading in fibers was
investigated for an optimal condition (Figure 7).
Thus, loading capacity of the
catalyst on the fibers was chosen as the optimal,
which was 10 mg/100 mL for 2, 4-dichlorophenol
degradation.

However,

the maximum

53.12

No Fiber Formation
No Fiber Formation

10

_
o
N
o

Loaded Catalyst (% w/w)

Fig. 7. Effect of photocatalyst loading on degradation of the 2,4-dichlorophnol under visible radiation, 100 mL 2,4-

dichlorophnol 40 mg/L, and irradiation time: 180 min.

3.5. Rate study and kinetic performance of
prepared catalyst systems

By trying to fit kinetic decomposition data on
different functions, it was observed that the
reaction takes the form of a first-order system as
presented in Eq. (5):

(o
In(=) = - Kt
n(Ci) (5)

where c and c; are the concentration of pollutant at
time t and the initial time, and K is the rate
constant that is dimensionally compatible with the
rest of the parameters. The numerical values of
fitness are presented in Table 4. Figure 8 also
the degradation
performance of the prepared systems. It is evident
that the binary systems initiate the degradation
process at a higher rate, but as the process
continues, the ternary and fiber systems catch up.

demonstrates kinteric
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The reason for this observation is that the binary
systems lack the ability to substitute the active
radicals with new ones during the decomposition

process. Thus, the process loses pace as it carries
on.

Table 4. Kinetic model of 2,4-dichlorophenol decomposition.

Initial reaction rate

Catalyst K (1/mi R?
atalys (1/min) (mg/L.min)

TiO2 0.0020 0.027 0.9912
TiO2/FesOa 0.0022 0.031 0.9813
TiOy/Ag 0.0029 0.045 0.9918
Fes04/TiOy/Ag 0.0043 0.1M 0.9856
Fe304/TiO2/Ag loaded nanofibers before 0.0026 0.021 0.9945
heat treatment

Fe304/TiO2/Ag loaded nanofibers after heat 0.0042 0.098 0.9974

treatment

0.4 T T T T T T T T

0 20 40 60 80

T T T T T T T T T T 1
100 120 140 160 180 200
t (min)

Fig. 8. Decomposition performance of (a) TiO2 (b) TiO2/Fe304 (c) TiO2/Ag (d) FesO4/TiO2/Ag and Fes04/TiO2/Ag loaded
nanofibers before (e) heat treatment and (f) after treatment. Lines represent first order model and dots represent

real data.
3.6. Reusability of produced nanocatalysts

The main objective of this paper was to prepare a
reusable and recyclable photocatalyst system for
the treatment of organic water pollutants.
shown that FesO4 based
nanocomposites could successfully be recycled
using an external magnetic force [32]. Those
studies utilized a magnet to extract the magnetic
particles for reuse. The downside of this approach
was its slow application and of delicate handling
requirementls, which contradicted industrial
process requirements. Thus, this study solved this
problem by fixing the nanocatalysts on a
nanofibrous system that provided a large specific

Previously, it was

surface area and simple and fast extraction of the
catalyst system from the process medium. Fig. 9
compares the reusability of the ternary system as a
solitary system loaded on a fibrous polymer matrix.
It is evident that in addition to the separation and
recycling being faster and easier to implement in
the case of catalyst-loaded nanofibers, it also
yields better results in the second and third runs.
This occurs because, in this method, larger
amounts of catalyst particles are preserved at the

extraction stage compared to magnetic
separation. Thus, the second and third runs
perform reasonably better compared to the

particle system.
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54.74
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Fig. 9. Reusability comparison of Fes04/TiO2/Ag photocatalytic system as a particle [45] and as active agent loaded
on electrospun nanofibers after 3 passes of UV/Vis treatment each for 3 h. All cases started with a concentration of

40 mg/L pollutant.
4. Conclusions

This paper studied the possibility of loading
Fes04/TiO2/Ag photocatalytic particles on PCL/PEG
electrospun nanofiber. FESEM, TEM, XRD, UV/Vis
spectrophotometry, and elemental mapping
techniques were implemented to investigate the
effect of catalyst loaded nanofiber on the oxidative
decomposition of 2, 4-dichlorophenol. It was
observed that by physically attaching the particles
to the polymer nanofibers, a desirable
photocatalytic activity was observed. The newly
presented system introduced an improvement
regarding reusability by eliminating the need to
separate catalyst particles from the
oxidationmedium.
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