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Abstract—Photocatalytic composite materials having photon absorption capability in the range of visible light were
synthesized by loading TiO, (5, 10, 15, and 20 wt%) on ferrite nanocomposites by sol-gel auto-combustion method.
The synthesized nanocomposites were analyzed using X-ray diffraction, Transmission electron microscopy, diffuse
reflectance spectroscopy and N, adsorption techniques. The generation of photo active hydroxyl radicals for all the syn-
thesized composites was found higher under the irradiation of red LED (RLED irradiation) which was confirmed by
degradation of rhodamine B dye under irradiation of RLED. Photocatalytic activity of the synthesized nanocomposites
was also carried out under irradiation of ultraviolet (UVLED) and blue (BLED) light emitting diodes, which is compar-
atively less than for the reaction under red LED irradiation. The operational parameters like catalyst amount, pH and
concentration of dye solution were studied and ESI-MS degradation pathway is proposed by analyzing the degraded

samples.
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INTRODUCTION

The utilization of photocatalytic processes for environmental
cleanup has not yet reached up to the mark due to the non-com-
mercialization of this process. Many efforts have been made to
enhance the photocatalytic activity for the degradation of pollut-
ant present in air and water under ultraviolet light irradiation [1-
4]. The sources for these ultraviolet lights were natural solar light,
which contains 5-8% ultraviolet light, and another is conventional
high/medium/low pressure mercury vapor lamp [5-8]. The use of
mercury based conventional ultraviolet lamps provides efficient
photocatalytic degradation, but they consume higher energy, owns
hazardous mercury and also need cooling while in operation.
From the literature, it is also evident that the use of solar light is not
effective to carry out the photocatalytic degradation of pollutant
effectively and also needs higher space [9-12]. Recently; light emit-
ting diodes have been used as alternative sources which do not
contain mercury, consume low energy, robust, smallhess, cheaper
and can be utilized with freedom to design various geometry of
reactor designing [13-16].

Till today, particularly ultraviolet LEDs have been used for the
application of environmental cleanup. However due to economic
concerns, few efforts also made to utilize visible LEDs for the pho-
tocatalytic degradation of environmental pollutants, which can lead
to providing an energy efficient, economic and feasible process.
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The utilization of the visible LEDs could be possible based on the
photocatalytic efficiency of the synthesized photocatalysts [17-20].
The efficiency of the photocatalytic materials can be tuned by in-
creasing surface area, optimizing electron hole pair recombination
and by tuning the bandgap. In the past, many materials, such as
TiO,, ZnO and CdS, have been used for the photocatalytic appli-
cation under irradiation of solar and ultraviolet light irradiation
having bandgap in the range of 2.5 to 3.5 eV [21-24].

Zinc ferrite (ZF) based photocatalytic materials have also demon-
strated their applicability for the degradation of pollutant in pres-
ence of visible light irradiation. These ZF materials have narrow
bandgap (1.86 eV), chemical stability and sensitivity to visible light,
making them as a promising material for photocatalytic applica-
tion as well as hydrogen production. Even though, ZF cannot be
utilized directly for the photocatalytic degradation of toxic organic
compounds due to lower valence band potential [25-29]. This can
be overcome by metal doping and coupling with other semicon-
ductor nanomaterials by which the photocatalytic activity could be
achieved effectively under UV as well as visible light irradiation.
Since TiO, has high photo activity under UV light irradiation, it has
been coupled with ZF and their photocatalytic activities were stud-
ied under visible light irradiation. The methods, namely sol-gel,
co-precipitation, colloid chemistry, hydrothermal, solid state reac-
tion and microwave methods, have been utilized for the synthesis
of ZF and TiO,/ZF nanocomposites, which needs considerable time
and energy [30-35]. This can be overcome by the fast and reliable
auto combustion method; the major advantage about this method
is the avoidance of heating the synthesized materials in an oven to
remove moisture. Moreover, from the literature it is evident that
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Fig. 1. Schematic representation of the sol-gel auto combustion process for photocatalysts synthesis (*Zn(NO3)3-6H20+Fe(NO3)3-9H20+dry

ethanol+DEA).

the light sources utilized for the degradation reactions in presence
of ZF and ZF nanocomposite photocatalysts were mostly high pres-
sure and low pressure mercury vapor lamp, xenon lamp etc. which
was being studied by the researchers widely [36-38].

In present study, we have tried to explore the effective utilization
of red LEDs (RLEDs) for photocatalytic degradation of rhodamine
B (RhB) dye using pristine ZF (P-ZF) and TiO,/ZF (TZF) nano-
composite photocatalysts. The sol-gel auto combustion method was
chosen for the synthesis of zinc ferrite nanocomposite photocata-
lysts, considering the requirement of low energy consumption, less
time, and lower agglomeration of particles during synthesis as com-
pared to processes like solvothermal, hydrothermal, co-precipitation
and sol-gel. Additionally, all the catalysts synthesized by reported
methods have demonstrated their photocatalytic activity under
various irradiation sources [44-48]. However, to the best of our
knowledge, this is the first report on the degradation of RhB dye
using TiO,/ZF composite under irradiation of Red LED. The
structural, textural, electronic and morphological properties of the
synthesized nanocomposites were characterized thoroughly using
various sophisticated instruments. The photocatalytic activity of
the catalysts was also studied under irradiation of blue and ultravi-
olet LEDs and compared. In addition, the degradation pathway of
RhB dye was proposed based on electrospray ionization mass spec-
trometry (ESI-MS) analysis.

EXPERIMENTAL

1. Materials

Zinc Nitrate (Zn(NOs);-6H,0) was purchased from Sigma
Aldrich, Mumbai, and Ferric nitrate (Fe(NO,);-9H,0) was pur-
chased from SD Fine Chemicals Pvt Ltd. which was used as starting
material. Diethanolamine (DEA), purchased from Sisco Research
Laboratories Pvt Ltd., was selected as a fuel. These three chemi-
cals were used as such without any purification. Absolute ethanol
was used as a solvent for the synthesis of P-ZF and T-ZF photocat-
alysts. Standard chemical reagents for chemical oxygen demand
(COD) measurements were purchased from E. Merck India Ltd,
Mumbai, India. Different wavelength ranges of LEDs, namely ultra-
violet LED (UVLED; 390-410 nm), blue LED (BLED; 430-505 nm)
and red LED (RLED; 630-660 nm), were purchased from Bivar,
inc - CA (United states). Five numbers of LED were mounted on
acrylic sheet for irradiation of LED light on the reaction mixture.
The intensity of LED mounted on acrylic sheet was determined by
lux meter (Yopco) and it was measured by keeping 1 cm distance
between LED setup and Lux meter. The intensities of the utilized

LED setup were found to be 21, 64 and 542 lux for UVLED, BLED
and RLED respectively.

2. Synthesis of Zinc Ferrite (ZF) and TiO,/Zinc Ferrite (TZF)
Nanocomposite Photocatalysts

The synthesis of ZF was carried out as follows: initially; stoichio-
metric amounts of zinc nitrate and ferric nitrate were taken in a
500 ml beaker followed by the addition of 100 ml absolute etha-
nol. Then, 16.7 ml of DEA was added as a fuel and the whole reac-
tant mixture was kept at 200 °C on hot plate to get auto combusted
(Fig. 1). The ZF product after auto combustion was allowed to
cool for half an hour, grounded and calcined at 400 °C for 2 h under
air atmosphere with the ramp rate of 2 °C/min. The calcined cata-
lyst was designated as pristine Zinc Ferrite (P-ZF).

Similarly, TiO, loaded ferrite nanocomposite photocatalysts with
different composition of TiO, (5, 10, 15 and 20 wt%) were synthe-
sized by addition of appropriate amount of titanium isopropoxide
(TIP) during the synthesis of ZE The ZF catalysts having amount
of 5, 10, 15 and 20 wt% TiO, were designated as 5-TZF, 10-TZE
15-TZF and 20-TZE For comparison, P-ZF and standard P25
Degussa (20 wt%) catalyst were mechanically ground and used as
a reference catalyst, which was named as 20-MTZE
3. Characterization

The XRD data of the synthesized photocatalysts were obtained
using X-ray diffractometer (XPERT-MPD model PW3050) with
Cu Kal radiation in the 260 range of 10-80°. The crystallite size of
the P-ZF and TZF photocatalysts was calculated from the X-ray
diffraction peak broadening of the (311) plane by the following
Scherrer’s formula (Eq. (1)),

D=kA/XCos0 ¢y

where D is crystallite size, k is the shape factor, A is the wavelength
of X-ray source, is FWHM of the (311) diffraction peak and &is
the Bragg’s angle. The bandgap was determined using diffuse reflec-
tance spectroscopy (UV-Vis-DRS, Shimadzu UV-3101 PC spectro-
photometer) equipped with an integrating sphere and BaSO, as a
reference. The morphology of the synthesized catalysts was ana-
lyzed using transmission electron microscope (TEM-JEOL JEM-
2010 electron microscope). With TEM images, the particle size of
the synthesized P-ZF and T-ZF catalysts was also determined using
Gatan microscopy software. The surface area, pore volume and pore
diameter of the synthesized catalysts were determined by nitrogen
adsorption studies at 77 K using a sorptometer (ASAP-2010, Micro-
meritics).
4. Photocatalytic Activity

The photocatalytic reactions were carried out using the photo-
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catalytic reactor setup reported earlier by our group [13]. Briefly
25 mg of the synthesized photocatalyst (P-ZF) and 25 ml of aque-
ous RhB dye solution (1x10~° M) was taken in a 150 ml beaker. The
contents were sonicated (2 min) for uniform dispersion of catalyst
in dye solution and kept under stirring for about half an hour to
reach the adsorption desorption equilibrium. The photocatalytic
experiments were conducted under irradiation of RLED (5 nos)
for 4 h. During photocatalytic experiment, 1.5 ml of reaction mix-
ture was sampled out after every one hour and centrifuged to sep-
arate the photocatalyst. Then the supernatant solution was analyzed
by UV-Vis spectrophotometer at a wavelength of 554 nm (the max-
imum absorption wavelength of RhB dye). The photocatalytic
activity of the synthesized 5-TZE 10-TZE 15-TZF and 20-TZF was
also studied using the same procedure each under RLED, UVLED
and BLED irradiation. The degradation of RhB dye was confirmed
by COD analysis, measured using a SPECTROQUANT NOVA
60 Photometer and TOC was also analyzed using Elementar, Liqui
TOC analyser. ESI-MS experiments were performed to predict the
degradation pathway of RhB dye samples using Water Q-TOF micro
Y A-260 (Micromass) tandem quadruple orthogonal TOF instru-
ment. The analysis of hydroxyl radical formation was performed
using terephthalic acid (TPA) as a probe molecule by Fluorolog
Spectrophotometer (Horiba Jobinyvon).

RESULTS AND DISCUSSION

1. Powder X-ray Diffraction Analysis

The PXRD pattern of the synthesized P-ZF and TZF photocat-
alysts is shown in Fig. 2(a). The existence of main peaks is at 26 of
30.2, 35.5, 43.1, 534, 56.9 and 62.4°, which aspect to the (220),
(311), (400), (422), (511) and (440) planes of P-ZE This confirms
the formation of P-ZF without any impurity phase, which is similar
to the earlier reported literature [49,50]. Fig. 2(b) shows enlarged
peak (311) of the synthesized P-ZE TZF and 20-MTZF catalysts
in which a slight peak shift was observed due to the presence of
TiO,. This is similar to the reported one for the inclusion of metal
ion to P-ZE and this might be due to the confinement of TiO,
nanoparticles within P-ZF pore channels [51]. The XRD pattern
of 20-MTZF composite photocatalyst (Fig. 2(a)) shows less inten-
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Table 1. Crystallite size, bandgap, surface area (Sp;), pore diame-
ter (D) and pore volume (V,,,) of synthesized P-ZF and

TZF photocatalysts

Crystallite Bandgap  Sgr D Voot

Cat: al t pore otal
AAYSS Size (nm) (eV) (m*/g) (nm) (cm’/g)

P-ZF 36.2 1.99 22.72 164 0.12
5-TZF 19.89 1.98 89.07 4.23 0.12
10-TZF 18.71 1.96 110.45 39 0.12
15-TZF 13.2 1.96 120.21 4.15 0.13
20-TZF 22.73 1.95 174.05 3.32 0.14
20-MTZF 37.53 2.0 3149 2348 0.21

sity peak for TiO, at 26 around 25.3°. Whereas, the XRD patterns
of the synthesized P-ZF and TZF are not showing any peaks cor-
responding to TiO,. This may be due to the insertion of TiO, inside
the crystal lattice of the ZF for TZF photocatalysts. It is observed
in Fig. 2(b) that the peak at 260=35.5 (311) gets broadened as the
content of TiO, increases and weak diffraction peaks were ob-
served for 5, 10, 15 and 20-TZE This is due to the reduction in
scattering contrast between pore walls and pores after the pore fill-
ing by TiO, in the host P-ZF catalyst; thus a decrease in the peak
intensity was observed [52].

This suggests that the crystallite size would decrease with the
increase of TiO, in the composite photocatalyst. As expected, a de-
crease in crystallite size of TZF photocatalysts was also observed
(Table 1) up to loading of 15wt% TiO, and then increased at 20
wt% loading of TiO, in ZE This indicates that the pores of ZF are
capable to host the TiO, up to 15wt% only. If the weight percentage
of TiO, exceeds 15 wt%, some amount of TiO, does not get inserted
in the pores of ZE which results increase in the crystallite size for
20-TZE The TiO, insertion over the host ZF might be visually evi-
denced (Fig. 2(b)) with the decrease in peak intensity and this is
attributed to two major aspects.

First, the increase in electron density of sorbate molecules (TiO,)
leads to the decrease in residual peak intensity (311) plane of TZFs.
Secondly, the loss of sample integrity descends the peaks intensity,
which is ultimately due to the ascending percentage of TiO, inser-
tion [53]. To get the desired percentages (5, 10, 15 and 20 wt%) of
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Fig. 2. (a) XRD pattern and (b) enlarged peak of (311) plane of the P-ZE, TZF and MTZF photocatalysts.
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Fig. 3. UV-vis DRS spectrum (a). Differential spectra of the synthesized P-ZE, TZF and 20-MTZF photocatalysts (b).

TiO, for synthesizing TZF nanocomposites, the addition of TIP
has been varied. Eventually, with the different weight percentages
of TiO, over ZE, there is a divergence in crystallite size (Table 1), a
decrease in major peak (311) intensity as well as peak broadening
(Fig. 2(b)). The results in concern about the PXRD studies of our
synthesized P-ZF and TZF catalysts were compatible with the re-
ported work about the same type catalysts synthesized using con-
ventional solid state reaction, chemical method, one-step chemical
coprecipitation method and a facile calcination process [42,54,78,79].
2. UV-visible Diffuse Reflectance Spectroscopy Analysis

Fig. 3(a) shows the UV-visible diffuse reflectance spectra (UV-
vis DRS) of the synthesized P-ZF and TZF catalysts. The reflec-
tance in the visible range of 600-650 nm for the case of P-ZF cata-
lyst is attributed to the electron transition by photoexcitation from
O 2p level into Fe 3d level. As the amount of TiO, increases for
the other four TZF catalysts, the reflectance in the visible range
decreases dramatically, which confirms the presence of TiO, in the
composite material [55].

The band gap of the synthesized TZF photocatalysts (Table 1)
with four different compositions of TIO, were found to be lower than
the P-ZF photocatalyst. In comparison to the P-ZF catalyst, the band
edge value of the synthesized 10-TZF nanocomposite gets increased
towards visible region up to ~11 nm (Fig. 3(b)). This may be due
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to two reasons: the mixing effect of bandgap on the composite and
the interfacial coupling effect between ZF and TiO, [56]. For com-
parison, UV-vis DRS for the mechanically crushed P-ZF with 20
wt% P25 (20-MTZF) was also done, which shows the increase in
band gap value (Table 1). This suggests that for the case of 20-MTZE
TiO, was not inserted in the pores of ZF like the TZF catalysts syn-
thesized by solution combustion method. The red shift observed
in the UV-vis DRS of our synthesized TZF catalysts is similar to
the reported work with the same type of TZF nanocomposite cat-
alysts (with different TiO, loadings) synthesized by citrate gel auto
combustion method [57]. The changes in band gap and the band
edge values of their synthesized TZF catalysts were also associated
with the interaction of two semiconductors at the interface, which
is comparable to our work.
3. Surface Area Analysis

The specific surface area, pore diameter and pore volume were
investigated for the synthesized P-ZF and TZF photocatalysts. The
results (Fig. 4(a)) show the typical type III isotherm with H; hys-
teresis loop for the synthesized P-ZF and 20-MTZF photocatalyst
possesses mesoporosity, which denotes the weak adsorbent-adsor-
bate interactions. The H; hysteresis loop denotes the formation of
non-uniform sized pores from the aggregated or agglomerated par-
ticles. Fig. 4(a) shows that the type IV isotherm with H, hysteresis
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Fig. 4. N, adsorption and desorption isotherm (a). Pore size distribution plot of the synthesized P-ZE, TZF and 20-MTZF photocatalysts (b).
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loop was obtained for the case of other TZF composite photocata-
lysts, which also confirms the mesoporosity of the materials. And,
the H, hysteresis loop for same TZF composites denotes its char-
acteristics for pores with non-uniform size formed from agglom-
erated particles [58-60].

Thus, the TZF photocatalyst with uniform sized pores gives higher
photocatalytic activity rather than the P-ZF and 20-MTZE Fig. 4(b)
shows the pore size distribution curves, which confirms the syn-
thesized TZF photocatalyst displays the monomodal distribution
except for the P-ZF and 20-MTZF catalyst. This demonstrates that
the synthesized TZF photocatalyst is in the mesoporous range.
From Fig. 4(a) and (b), it is clear that the addition of TiO, during
the synthesis of ZF can attribute a composite having type IV iso-
therm and higher surface area. The surface area (Spr), pore diam-
eter (D,,,) and pore volume (V,,,) of the synthesized P-ZE TZF
and 20-MTZF photocatalyst (Table 1) shows the increasing trend
in surface area with the decrease in pore diameter. The increase in
surface area as well as the reduction in particle size can lead to
more active surface areas for the enhanced photocatalytic activity.
Also, the higher surface area of the synthesized TZF photocatalyst
can assist the adsorption of dye molecules over its surface. This
leads to the more contact of free radicals with dye molecules, thus
giving more degradation efficiency [61]. Table 1 shows that the
pore diameter of P-ZF catalyst was found to be 16.4 nm, and there
is a sharp inflection of the adsorption branch at the relative pressure
of 0.8, which denotes the capillary condensation within uniform
pores. Whereas, the average pore diameter for the T-ZF catalysts
decreased to 3.9 nm, and the adsorption branch shows sharp inflec-
tion at the relative pressure around 0.4. This characteristic differ-
ence from the P-ZF catalysts is attributed to the pore filling by TiO,
inside the ZF catalyst. The increase in surface area and the decrease
in pore size with the increase in TiO, percentages for the case of
our synthesized TZF catalysts were analogous to the reported
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Fig. 5. TEM images of P-ZF and 10-TZF (a) & (c). SAED pattern of
P-ZF and 10-TZF (b) & (d).
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works [43,64]. This indicates that the presence of TiO, in host ZF
matrix affects the surface area as well as the pore size, which eventu-
ally enhances its photocatalytic efficiency for RhB dye degradation.
4. Transmission Electron Microscopy Analysis

TEM image and SAED pattern of the synthesized P-ZF and 10-
TZF photocatalyst are depicted in Fig. 5. It can be observed that
the synthesized P-ZF nanoparticles were spinal in shape as shown
in Fig. 5(a), and Fig. 5(b) shows the SAED pattern, a typical one
for the ZF structure, which depicts the nanocrystallinity of the
material.

This is similar to the reported work by Deliyanni et al. [62]. The
image of 10-TZF (Fig. 5(c)) seems the same as like the structure of
P-ZF catalyst (Fig. 5(a)). The tightly coupled TiO, over the surface
of ZF matrix which ultimately supports the effective charge trans-
fer between TiO, and ZnFe,O,. Thus, the separation of photogene-
rated electron-hole pairs gets enhanced, consequently enhancing
its photocatalytic performance. The morphological characteriza-
tion in this study was comparable to the reported work which also
depicts the close package of TiO, and ferrite nanoparticles [63].
Fig. 5(d) shows the SAED pattern of the 10-TZF catalyst retained as
like obtained for the P-ZF catalyst, which confirms that there is no
change in the crystal structure even after the formation of composite.

In addition, the presence of TiO, in the case of 10-TZF catalyst
was confirmed by the EDS spectra (Fig. 6). The result shows the
peaks which are attributed to Titanium, Zing, Iron, Oxygen, and
the peak at 8 eV corresponds to Copper grid. Moreover, the parti-
cle size of the synthesized P-ZF and 10-TZF catalysts has also been
determined to be ~31.23 and ~19.41 nm (Fig. 5(a) and (c)). These
values can be comparable with the crystallite size of the same cata-
lysts calculated using Scherrer’s formulae (Eq. (1)).

5. Photocatalytic Degradation of RhB Dye

By considering the band edge of the synthesized photocatalysts,
primarily the photocatalytic activity of the synthesized P-ZF and
TZF photocatalysts was evaluated for the photocatalytic degrada-
tion of RhB dye aqueous solution under RLED irradiation. Fig, 7(a)
shows that 10-TZF photocatalyst gives nearly 100% degradation
rate under RLED irradiation at the end of 3 h. Whereas, 804, 91,
83.7 and 63.03% degradation was achieved for the case of P-ZE 5-
TZE, 15-TZE, and 20-TZF photocatalysts at the end of 4 h, respec-
tively. However, the degradation of RhB dye was found only 2% in
absence of any catalysts under RLED irradiation. The enhanced de-
gradation rate is mainly attributed to the presence of TiO, which
effectively suppresses the electron hole recombination. And also the

Element Weight%
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=y 11.60
*Fe 3524
“Zn 17.26
A S 10 Totals 100.00

Full Scale 472 cts Cursor: 0.000

Fig. 6. EDS image with percentages of Ti, O, Zn and Fe of 10-TZF
catalyst.
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presence of TiO, in the ZF composite material extended the spec-
tral response to the visible region. Since, TiO, cannot be excited in
the presence of visible light irradiation, the easy transformation of
electrons from the conduction band of ZF to the conduction band
of TiO, takes place, which leads to the generation of holes in the
valance band of TiO,. The photocatalytic oxidation reaction could
get initiated by these holes and they may directly interact with the
surface bound hydroxyl radicals [64]. It was also observed that the
photocatalytic degradation decreased with the increase in TiO,
weight percentages. This might be due to the presence of excess
TiO, over the surface of ZE which reduces the visible light utilization
in case of 15-TZF and 20-TZF catalysts. To confirm the efficiency
of the synthesized photocatalysts, the photocatalytic degradation of
RhB dye aqueous solution was also carried out using P25 under
RLED irradiation, and the result shows that about only 35.1% deg-
radation (Fig. 7(a)) was attained. Additionally, the photocatalytic
activity of the synthesized photocatalysts was also studied under dif-
ferent wavelength irradiating LED (ultraviolet and blue) under the

same experimental condition. It was observed in Fig. 7(b) that the
photocatalytic degradation of RhB dye under irradiation of UVLED
and BLED was 33.3 and 46.8%, respectively in 4 h.

The order of degradation of RhB dye under different wavelength
of LED irradiation was Red>Blue>UV. This may be due to the dif-
ference in the intensity of various LEDs utilized for the degradation
reaction. It is clear that the intensity of RLED (542 lux) is much
higher as compared to blue and UVLED, which may be playing a
role in generation of more number of hydroxyl radicals for the de-
gradation of RhB dye. To confirm the mineralization of the RhB
dye, the chemical oxygen demand analysis was carried out, and it
is found that 96% COD reduction took place after 3 h irradiation
of RLED using 10-TZF catalyst. The percentage reduction of TOC
value was determined to be 85% in the case of 10-TZF catalyst
utilized for RhB dye degradation under RLED irradiation. The
incomplete removal of TOC suggests that the photocatalytic deg-
radation of RhB dye leads to the formation of simple organic
(lower molecular weight) compounds under RLED irradiation.

It was observed (Fig. 7(b)) that there is a significant difference
in the photocatalytic activity of 10-TZF catalyst with respect to
UVLED, BLED and RLED irradiation. In the case of UVLED, the
intensity of its light was found to be 21 lux for RhB dye degrada-
tion reactions carried out using 10-TZF catalyst. Next, in the case
of BLED and RLED, the intensity of its light was determined to be
64 lux and 542 lux, respectively. The percentage degradation rises
with respect to the ascending intensity: UVLED<BLED<RLED.
During RLED irradiation, TiO, particles in 10-TZF can be effectively
excited, promoting photogenerated electrons from VB (ZnFe,0,)
to the CB (ZnFe,0,). Followed by this, there could be an easy migra-
tion of photo-induced electrons from the CB (ZnFe,O,) into the
CB (TiO,), leaving holes behind in the VB (ZnFe,0,) [65]. Thus,
the separation of electron hole pairs takes place effectively in the
case of 10-TZF under visible light (RLED) irradiation, which owns
high intensity rather than in the case of UVLED and BLED. Even-
tually, this leads to the complete degradation of RhB dye within
3h under RLED irradiation. Wang et al. [41] reported 100% deg-
radation (4 h) of RhB dye using N-doped TiO,/ZF catalyst under
Xe lamp irradiation. In comparison to that study, the photocata-
lytic activity achieved in this study is much better than the pro-
found studies in concern with RhB dye degradation. In particular,
the utilization of ZF and TZF catalysts was so far applied for the
studies of RhB dye degradation under conventional lamp sources
which consume more energy [42,44]. As the LEDs were considered
to be an energy efficient source for photocatalysis which could be
a suitable alternative for xenon, mercury vapour and halogen lamp
sources, our study utilizing visible (RLED) light is found to be an
effective approach for photocatalytic applications.

6. Analysis of Hydroxyl Radicals

The photocatalytic degradation of organic dyes is always accom-
panied due to the presence of hydroxyl radicals. The analysis of
hydroxyl radical generation was studied for 10-TZF nanocompos-
ite using TPA as a probe molecule. Fig. 8(a) shows the fluores-
cence spectra of 2-hydroxy terephthalic acid in which the intensity
of the peak centered at 425 nm increases up to 4h under RLED
irradiation.

Usually, the intensity of fluorescence spectra is directly propor-
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Fig. 8. Photoluminescence spectra of TPA in presence of 10-TZF under RLED irradiation up to 4 h (a). Photoluminescence spectra of TPA in
presence of 10-TZF under UVLED, BLED and RLED irradiation at the end of 4 h (b).

tional to the formation of hydroxyl radicals. In Fig. 8(a) there is a
gradual increase in the intensity of the peak, which implies the for-
mation of hydroxyl radicals. This suggests that the hydroxyl radi-
cals are the main active species for the photocatalytic process of
RhB/TZF system and this is in agreement with the reported litera-
ture [66]. A hydroxyl radical analysis has also been carried out under
UVLED and BLED irradiation for the same experimental condi-
tions. Fig. 8(b) shows that the intensity of 2-hydroxy terephthalic
acid was lesser than the one obtained under RLED irradiation. This
confirms that the formation of more hydroxyl radicals favors 100%
degradation rate of RhB dye aqueous solution in presence of 10-
TZF at the end of 4 h in the case of RLED rather than the UVLED
and BLED irradiation.
7. Kinetic Analysis of Degradation

The most important factor to determine the reaction mecha-
nism for heterogeneous photocatalytic degradation reaction is kinetic
analysis. A kinetic analysis was done for the photocatalytic degra-
dation of RhB dye aqueous solution carried out under UVLED,
BLED and RLED irradiation [concentration of RhB dye=1x10"M,
pH=6.5, catalyst amount=25 mg (10-TZF)]. The results showed
that the photocatalytic degradation reaction follows pseudo first-
order kinetics (Eq. (2)),

In Cy/Ci=kyt @

where C, is the initial concentration of dyes and C, is the concen-
tration at time t. The apparent first-order rate constant k,,, was
calculated by the linear regression of the slope of In C,/C, vs time
plot, which is depicted in Fig. 9. The initial rate was calculated for
the degradation of RhB dye aqueous solution under UVLED,
BLED and RLED, which was found to be 0.4, 0.6 and 3.6x10”
molL™", Whereas, the regression coefficient (R’) was calculated to
be 0.85, 0.93 and 0.99. Fig. 9 shows that the experiments carried
out for the degradation of RhB dye aqueous solution follows pseudo
first-order kinetics. The regression coefficient (R*=0.99) for the case
of RLED, suggests that the degradation of RhB dye fits the Lang-
muir Hinshelwood kinetic model.

The initial rate value of RhB dye degradation in presence of RLED
irradiation using 10-TZF photocatalyst was six- and nine-times
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Fig. 9. Kinetic study for the degradation of RhB dye aqueous solu-
tion (1x10~° M) for the case of 10-TZF under UVLED, BLED
and RLED irradiation.

higher than BLED and UVLED, respectively. This confirms that
RLED is the effective light source for the photocatalytic degrada-
tion of RhB dye aqueous solution using 10-TZF photocatalyst. As
explained previously (section 5), the photocatalytic activity of the
synthesized 10-TZF catalyst varies with the type of LED irradia-
tion. The kinetics in concern with the RLED utilized reaction out-
puts maximum efficiency rather than in the case of UVLED and
BLED. This indicates that the divergence in the intensities about
the different LEDs (discussed in section 5) makes a major differ-
ence in concern with RhB dye degradation.
8. Effect of Operational Parameters

It is well known that various operational parameters play a major
role in the photocatalytic degradation of various organic compounds
present in water. In this study, we tried to study the effect of RhB dye
concentration, pH and catalyst amount using10-TZF photocatalyst.
8-1. Effect of Catalyst Amount

To find the optimum amount of catalyst loading in the case of
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Fig. 10. Effect of catalyst amount for the degradation of RhB dye

(1x107° M) using 10-TZF photocatalyst under RLED irra-
diation.

10-TZF for the photocatalytic degradation of RhB dye aqueous solu-
tion, the amount of catalyst was varied by keeping the concentra-
tion and amount of the dye solution constant (1x10~° M; 25 ml)
for all the experiments. Fig. 10 shows that the percentage degrada-
tion was 55.1, 98.09 and 80.5% achieved for 15, 25 and 50 mg
amount of 10-TZF catalyst, respectively, at the end of 4h. It was
observed that 25mg 10-TZF catalyst loading was the optimum
one for the degradation of RhB dye aqueous solution. The per-
centage degradation reached a maximum in the case of 25 mg cat-
alyst amount, whereas it was reduced to 80.5% at 50 mg catalyst
amount. This demonstrates that the higher loading (50 mg) of sus-
pended catalyst increase the turbidity leads to the lesser light pene-

tration or light scattering and screening effect, which ultimately
leads to the lower degradation rate [67].
8-2. Effect of pH

The pH of the solution is one of the most important parame-

ters affecting the degradation of RhB dye on the surface of photo-
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Fig, 11. Effect of pH for the degradation of RhB dye (1x10° M) using
10-TZF (25 mg) photocatalyst under RLED irradiation.
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catalyst. The effect of pH over the photocatalytic degradation of
RhB dye was studied using 10-TZF catalyst, by varying the pH
from 2-12 of the RhB dye aqueous solution using HCl and NaOH
solution under irradiation of RLED. Fig. 11 reveals that the lowest
degradation was attributed to pH=2 and it was increased with in-
crease in pH value up to pH=10. The decrease in percentage deg-
radation at lower pH is due to the negatively charged RhB dye
species under experimental conditions and its higher adsorption
rate and also at acidic conditions the slower degradation rate was
ascribed to the scavenging of hydroxyl radicals by H' ions [68,69].
However, with the increase in pH from 10 to 12 it was found that
there is slight decrease in the photocatalytic degradation, and this
may be due to the agglomerate formation of hydroxides which
reduces the transmission of irradiation [70,71].
8-3. Effect of RhB Dye Concentration
To study the effect of RhB dye degradation under RLED irradi-
ation, the concentration of the dye was varied from 1x10° M to
4.18x10"° M by keeping the amount of catalyst as 25 mg in all the
experiments. It is observed in Fig. 12 that the percentage degrada-
tion of 1, 2.1, 3.08 and 4.18x10"° M concentration of RhB dye was
98%, 88%, 74.05% and 51.47%, respectively, in 4 h under irradia-
tion of RLED.

These results, which are similar to the previous reported work
on the degradation of RhB dye using various photocatalysts, clearly
indicate that the increase in concentration of dye reduces the deg-
radation. This is ultimately due to the greater amount of dye ad-
sorption over the catalyst surface with increase in concentration of
the dye solution [72]. And also, fewer photons reach over the sur-
face of the catalyst at higher dye concentration. Eventually, there is
an ultimate reduction in the number of -OH and Oy- radicals,
which leads to the decrease in photocatalytic activity.

9. Recyclability

The recyclability of the synthesized 10-TZF catalyst was evalu-

ated for the degradation of RhB dye aqueous solution up to five

100
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Fig. 12. Effect of dye concentration for the degradation of RhB dye
using 10-TZF photocatalyst (25 mg) under RLED irradia-

tion [1x107° M (a), (b) 2.1x10°> M, (c) 3.08x10>M and (d)
4.18x10° M].
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Fig. 13. Recyclability (a) XRD patterns of 10-TZF catalyst under RLED irradiation for RhB dye degradation (b).

cycles under RLED irradiation. Fig. 13(a) shows the photocata-
lytic activity of the 10-TZF catalyst was reduced up to 2-4% at the
end of 4h for each reaction. The XRD pattern in Fig. 13(b) also
reveals that there is no change in the crystal structure of the 10-
TZF catalyst before and after five cycles of the reaction. This also
depicts that 10-TZF could be an effective recyclable catalyst for the
degradation of RhB dye aqueous solution under RLED irradiation.
10. Mechanism of Photocatalytic Degradation Using 10-TZF
Catalyst on Pollutant

Under RLED irradiation, the photocatalytic degradation of RhB
was effectively achieved using 10-TZF catalyst. This could be pos-
sible only because of the formation of superoxide anion (*O,") and
hydroxyl radicals ("OH), which leads to effective degradation. The
formation of these type of radicals is always favored by the con-
duction and valance band edge position of TiO, and ZF in 10-TZF
catalyst. This can be explained by the simple representation (Fig.
14) for the 10-TZF catalyst responsible for visible light (RLED)
activity. The electron transfer from ZF to TiO, or the hole transfer
from TiO, to ZF is feasible in 10-TZF catalyst during photocatalytic
reactions. As the conduction band potential of TiO, (Ez=—0.30€V)
is less than that for ZF (Ez=—1.54 eV [73]) paves way for the elec-
tron transfer from ZF to TiO,.
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1.0 —{ ( ’
0.0 _‘ Ecp=-0.3 9®® \-.02
+1.0 —
E,=3.2¢eV
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Fig. 14. Plausible electron transfer process in 10-TZF for the degra-
dation of RhB dye under RLED irradiation.
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Besides, the valance band potential of ZF (Ey5=0.38 eV [74]) is
higher than for TiO, (Ey3=0.38 €V), which makes the holes transfer
from TiO, to ZE Ultimately; there could be a reduction in the recom-
bination of electron-hole pairs at this stage. The photogenerated
electrons and holes generated by ZF and TiO, can react with the
surface adsorbed O, and H,O to form ‘O, and "OH. These radi-
cals have strong oxidation potential, which can oxidize RhB dye pres-
ent over the active sites of the composites eventually into lower
molecular weight compounds namely CO, and H,O [43]. Thus, it
can be concluded that the formation of ‘O, and "OH radicals is
attributed to the conduction and valance band edge positions of
10-TZF catalyst upon visible light (RLED) irradiation.

11. Proposed Mechanism for the Degradation of RhB Dye

For any photocatalytic degradation reaction, the identification

of believable intermediates is the finest way to understand the deg-
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Fig. 15. Plausible degradation pathway for RhB dye degradation.
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radation mechanism. In this study, ESI-MS experiments were con-
ducted to identify the intermediates for the degraded RhB dye
aqueous solution in presence of 10-TZF under RLED irradiation
(Fig. S1-S5 of ESIt). It was observed in Fig. 15 that the RhB dye
chromophore was degraded completely via four processes: (i) Deeth-
ylation, (ii) cleavage of chromophores, (iii) ring openings, and (iv)
mineralization. In our study, the degradation pathway is slightly
different from the reported literature in concern with the degrada-
tion of RhB dye aqueous solution [75]. Initially, deethylation leads
to the formation of phenyl oxonium intermediate with the m/z of
365 and 277 as major products (Fig. S2 of ESIt). Then the cleavage
of chromophore leads to the formation of major phenolic interme-
diates with the m/z 257 and 237. The formation of primary oxida-
tion product remarkably phthalic acid with m/z of 166 (Fig. S3 and
S4 of ESIt) originated due to the chromophore cleavage. These
compounds were further degraded to lower molecular weight alco-
holic compounds: 4-methylhex-5-ene-1,5-diol (m/z=130), 1-phenyle-
then-1-ol (m/z=120), butane-1,2,3-triol (m/z=106), propane-1,2,3-
triol (m/z=92), propane-1,2-diol (m/z=76) and ethane-1,2-diol (m/z
=62).

Finally, these alcoholic compounds were mineralized to CO,and
H,O. It is clear that the whole fragmentation of intermediates is
ascribed to the “OH or photogenerated hole which could directly
attack the central carbon of RhB dye molecule [76,77].

12. Comparison for Degradation of RhB Dye

The photocatalytic efficiency of synthesized P-ZF and TZF with
RLED was compared with the reported work. There is no report
so far for the degradation of RhB dye aqueous solution utilizing
titania ferrite nanocomposites under energy efficient RLEDs. Table
1 of ESIt shows the comparison data of our study with some of
the reported work which has been done utilizing UV and Xe lamp
as an irradiation source. In comparison to the reported work, our
study outperforms for the degradation of RhB dye aqueous solution
under RLEDs within 3 h. Moreover, RLED consumes low power
rather than needed for the conventional lamp sources for the pho-
tocatalytic reaction. Thus, RLEDs could be a good alternative for
the photocatalytic degradation of various organic compounds.

CONCLUSIONS

P-ZF and TZF have been synthesized by sol-gel auto combus-
tion method and successfully applied for the degradation of aque-
ous RhB dye solution under ultraviolet and visible LEDs. The
bandgap of the TZF composites was found in the range of 1.95 to
2.05 eV. The surface area of the TZF photocatalyst increased with
the increase in the amount of TiO,. The XRD patterns of the zinc
ferrite were unaltered; however, slight broadening in the peak cor-
responds to 26 at 35.5° due to incorporation of TiO, in the zinc
ferrite pores. Among all the synthesized catalysts, zinc ferrite con-
taining 10 wt% TiO, (10-TZF) displayed the highest photocatalytic
activity under irradiation of RLED. It was found that an increase
in hydroxyl radical generation leads to the higher photocatalytic
activity. The hydroxyl radical generation was found to be highest
in presence of RLED irradiation using 10-TZF under experimen-
tal conditions, which demonstrated higher photocatalytic activity.
The efficiency of the synthesized 10-TZF photocatalyst was veri-

fied using UVLED and BLED under the same experimental con-
ditions. Also, the initial rate of degradation under RLED was six-
and nine-times higher than that of BLED and UVLED, respec-
tively. Additionally, the degradation pathway of RhB dye was stud-
ied for the degradation reaction carried out under RLED. It is
concluded that the TiO, incorporated zinc ferrite having 10 wt%
TiO, can attribute highest photocatalytic activity under the irradia-
tion of RLED and with increasing number of LED may be useful
for degradation of RhB dye having higher concentration.
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Fig. S2. ESI-MS pattern of RhB dye solution (after 1h reaction).
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Fig. S3. ESI-MS pattern of RhB dye solution (after 2 h reaction).
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Fig. S4. ESI-MS pattern of RhB dye solution (after 3 h reaction).
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Table 1. Comparison of TZF catalysts for the degradation of RhB with the reported literature

Serial Catalyst Synthesis method Light source C(c));l}c{e}?];r?l;:n 1;11136 Degr(ao;j)a tion Ref.
1 TiO,/ZnFe,O, Hydrothermal A=254nm (8 W) 2x10° M 2.5 99.7 1
approach
2 TiO,/ZnFe,O, Sol-gel method UV lamp (300 W) - 3 94.4 2
3 ZnFe,O,/TiO, Salt-assisted solution Metal halide lamp 2x107° M 4 97 3
photocatalyst combustion method (175W)
4 Ag/Spinel ZnFe,0O,  Co-precipitation Xe lamp (500 W) 2x10° M 25 100 4
nanoplates method
5 Sphere-like zinc One-step solvothermal ~ Xe lamp (500 W) 4x10°M 5 100 5
ferrite method
6 Sponge like ZnFe,O, Solution combustion Xe lamp (300 W) 39%10° M 5 90 6
method
7 P-ZF and TZF Sol-gel auto combustion ~ Red LED 1x107°M 3 10-TZF=98 (3h)  This study

composites

method

(5 nos, 50 mW)

P-ZF=80 (4 h)
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