Chapter 5

Studies on photocatalytic degradation of MB with Lanthanum and

Iodine co-doped TiO: nanoparticles

Abstract:

The photocatalytic degradation of methylene blue (MB) dye using Lanthanum (La) and
Iodine (I) co-doped TiO2 (Tiix-yLaxlyO2, where x = 0.00 — 0.05, y = 0.00 — 0.005)
nanoparticles prepared through the solution combustion method has been investigated in
the current study. The photocatalysts' characterization was done using various techniques,
including FTIR for identifying functional groups, XRD for determining crystallinity and
crystallite size, DRS for estimating the band gap, and XPS for identifying elements and
their oxidation states. The co-doping of La and I in TiO; causes narrowing the band gap
and suppressing the recombination of e /h" pairs which surges its photocatalytic activity.
The La and I co-doped TiO> nanoparticles exhibited a photodegradation efficiency of 98
% for MB within 40 min, significantly outperforming undoped TiO2 and commercial TiO-
photocatalyst Aeroxide P-25. Moreover, regeneration experiments demonstrated
excellent reusability of the nanoparticles. To find potential use of photocatalytically
treated water in irrigation, the phytotoxicity study was done with "Vigna Radiata"
germination. The evaluation of phytotoxicity demonstrates that the treated water may be
used for irrigation purposes.

5.1 Introduction:

This research describes the solution-combustion synthesis of La and I co-doped TiO:
(LICT) photocatalysts with various molar ratios. This method creates fine TiO> particles
by limiting their growth, which is easy and cheap. To aid in the preparation of
nanoparticles, citric acid was utilised as fuel. Several techniques were used to characterise

phase compositions, optical properties, and crystalline structure of the LICT. The
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degradation of the MB dye in the UV Photochemical reactor served as the basis for
investigating the photocatalytic performance of the photocatalysts. This dye was chosen
because it is frequently found in textile effluent and exhibits excellent chemical and
biological resistance to degradation by traditional processes. The influence of several
variables, including pH, catalyst dose and initial dye concentration, were studied for their
optimisation. The Table 5.1 mentions a brief of studies related to La-I co-doped TiO2’s

use in degradation of various pollutants.

Table 5.1 Previous Literature related to La-I co-doped TiO»

s.N. | Dopant | p ) tane | 0GR Results Ref.

Level conc.

1. | 20% Oxalic acid | Not La-I-TiO> improved | [1]
mole La, mention oxalic acid degradation,
20% stabilizing anatase and
mole I inhibiting rutile

transformation.

2. | 2% mole | Reactive 50 ppm 98.6% degradation in 80 | [2]
La, 3% blue 19 min under sunlight.
mole [

5.2 Materials and methods:

5.2.1 Chemicals Used:

The chemicals employed were Titanium (IV) dioxide (TiO2, 99% pure), ammonium
sulphate GR [(NH4)2SO4], sulfuric acid (H2SO4) 98% concentrated, liquid ammonia of
25% concentration (sp. gr. is 0.91), lanthanum nitrate [La(NO3)3.6H2O] of purity 99%,
Iodic acid (HIO3), citric acid monohydrate GR (C¢HsO7H20), Nitric acid GR (HNO3) and

MB dye. The materials mentioned above were bought from Merck, India.
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5.2.2 Preparation of undoped TiO:2 and LICT nanoparticles:

Primarily, TiO> powder was used to prepare undoped TiO> and LICT (Tiix-yLaxl;O2) by
the solution-combustion technique. The molar ratio of ammonium sulphate to titanium
(IV) dioxide in the solvent (100 ml of H2SO4) was 1:6. The resultant solution was heated
for 2-3 h at 170 °C and 400 rpm while being stirred, continuing to synthesise titanium
oxysulfate [TiO(SO4)]. In separate beakers, the calculated amounts of lanthanum nitrate
and iodic acid were added to 100 mL of sulfuric acid, and this was heated for 2 h at 170
°C and 400 rpm. The weight of various materials is given in Table 5.2 for different mole
ratios of La, and I, and catalyst coding is also mentioned in the Table 5.2 which has been
used throughout this paper. Once the mixture had cooled to room temperature, 25 %
ammonia solution (NH3) was added very slowly until a white precipitate formed. This
precipitate was collected and dissolved in 70 % nitric acid. In this, 10 g of citric acid
monohydrate was added, and the volume was made up to 500 mL with distilled water.
The solution was evaporated at 80°C; self-ignition started in an open atmosphere at
ambient temperature, resulting in the emission of numerous gases and forming a fluffy
brown LICT mass that was subsequently ground into a fine powder using a mortar and
pestle. Citric acid serves as a complexing agent by forming a complex with cations, and
providing fuel for the combustion process during ignition. The ignition stage raised the
temperature, making crystalline powder possible to form at a low temperature. This

powder was calcined at 500°C for 5 h. to get final LICT nanoparticles.
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Table 5.2 The weight of various materials for different mole ratios of La, and I co-
doping with catalyst coding.

Mole % Doping Weight Required(g)
Catalyst Code | La I La(NOs3)3.6H,O | HIO; TiO,
TO 0 0 0.000 0.000 5.012
T1 1 1 0.271 0.110 4.618
T2 1 2 0.271 0.220 4.508
T3 1 3 0.271 0.330 4.398
T4 1 4 0.271 0.440 4.288
T5 1 5 0.271 0.551 4.178
T6 2 1 0.542 0.110 4.348
T7 2 2 0.542 0.220 4.238
T8 2 3 0.542 0.330 4.128
T9 2 4 0.542 0.440 4.017
T10 2 5 0.542 0.551 3.907
T11 3 1 0.813 0.110 4.077
T12 3 2 0.813 0.220 3.967
T13 3 3 0.813 0.330 3.856
T14 3 4 0.813 0.440 3.746
T15 3 5 0.813 0.551 3.636
T16 4 1 1.084 0.110 3.806
T17 4 2 1.084 0.220 3.696
T18 4 3 1.084 0.330 3.585
T19 4 4 1.084 0.440 3.475
T20 4 5 1.084 0.551 3.365
T21 5 1 1.355 0.110 3.535
T22 5 2 1.355 0.220 3.424
T23 5 3 1.355 0.330 3.314
T24 5 4 1.355 0.440 3.204
T25 5 5 1.355 0.551 3.094

5.2.3 Characterisations:
XRD analysis was used to identify the phases of the prepared LICT photocatalysts and
the average crystallite size using Cu K irradiation (Ultima IV; Rigaku, Japan). XPS

analysis (AMICUS, Kratos Analytical, UK) was used to estimate the binding energy (BE)
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of the elements in the samples using a monochromated Mg K (1253.6 eV) X-ray source.
With barium sulphate used as an internal reference, the UV-Vis absorption spectra of the
prepared LICT photocatalysts were examined by DRS (CORY 100 Bio UV
spectrophotometer). The Kubelka-Munk technique was used to determine the indirect
band-gap energy (Eg) of the LICT photocatalysts by plotting [F(R)xh]"? vs the photon
energy (hv). The IR spectra were recorded using the KBr pellet method with the Nicholet
5700 (Thermo Electron) FTIR spectrophotometer. The photocatalytic activity was
evaluated for all prepared and regenerated photocatalysts by recording concentration
reduction with time, i.e., by knowing the kinetics of photocatalytic reaction.

5.2.4 Procedure of kinetic study:

The degradation kinetics was investigated using a quartz tube in the photochemical
reactor with all prepared catalysts. Five different aqueous dye solution concentrations
were used in the experiments (10, 20, 30, 40 and 50 ppm). This quartz tube contained 100
mL of dye solution and LICT photocatalysts. The stirrer and UV lamp were turned on. 2
mL samples were taken out at 5 min intervals for 1 h, and their dye concentration was
assessed after the centrifugation of samples.

The photocatalytic performance of regenerated LICT nanoparticles was evaluated, a
similar experimental approach as described previously. Only regeneration of the T8
photocatalyst was explored in this work since it has demonstrated the highest
photocatalytic performance of all the prepared photocatalysts.

Based on the kinetic tests, the photocatalytic performance of bare and regenerated T8
photocatalyst was investigated in the photochemical reactor at dye concentrations of
30 ppm through degradation kinetics. A photocatalytic degradation of 30 ppm dye
solution under the same experimental circumstances was used to compare the prepared

undoped TiO», the best catalyst T8, and Aeroxide P-25 (Sigma Aldrich).
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5.3 Results and discussions:

The results of different characterization of photocatalysts and other experiments are as
follows:

5.3.1 Characterizations of photocatalysts:

5.3.1.1 XRD:

Figure 5.1 (a) shows XRD patterns of both undoped and LICT nanoparticles. The peaks
at 20 = 25.27, 37.76, 48.04, 53.89, 55.07, 62.61 and 75.10 correspond to (101), (112),
(200), (105), (211), (204), and (215) planes demonstrate that the samples contain anatase
phase and crystalline structure of TiO, (JCPDS 21-1272) [3].

In the XRD patterns of LICT nanoparticles, only the diffraction peaks of the anatase phase
are evident. These findings suggest that co-doping with La and I stabilized the anatase
phase by inhibiting the transition to the rutile phase [2]. The photocatalytic activity of
TiO> in the anatase phase is much greater than that of TiO> in the rutile phase. Since
anatase traps holes at a rate 10 times higher than rutile, it also has a low recombination
rate [4]. Doping with La might prevent the transition from the anatase to rutile phase. The
formation of La.Os occurs predominantly at the grain boundaries. This segregation acts
as a physical barrier that impedes the growth of TiO: crystals, effectively stabilizing the
anatase phase by preventing its transformation into the denser rutile phase. This
stabilization is crucial for maintaining high photocatalytic activity as anatase is more
active than rutile. Additionally, La-Os at the grain boundaries restricts crystal growth,
resulting in smaller crystallite sizes which enhance photocatalytic activity due to
increased surface area and more active sites [5, 6].

The ionic radius of Lanthanum is 1.03 A, which is greater than that of Titanium 0.62 A;
therefore, La was unable to replace the Ti ion, and the leftovers that were found in the

interstitials of Titanium dioxide that were located under the range of scan for XRD. Since
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the radius of La ions is more than that of Ti ion, lanthanum oxide (La>0s) linkage may
form at the anatase surface instead of La*" being assimilated into the TiO, lattice. The
LayO; peak in the XRD pattern could not be located because it is distributed [6] and also
no iodine peak was found that suggests that the I°* ions are effectively incorporated into
the TiOz lattice [7].

However, after being co-doped with La and I ions, the phase change from amorphous to
anatase TiO» is drastically suppressed, as evidenced by a decrease in the relative intensity
of the diffraction peak pertaining to the (101) face of anatase TiO: phase. Further, the
crystallite size of LICT decreases when doping of La is increased up to 2% and doping of
I is increased up to 3%, indicating that La can impede the growth of crystallite size due
to the segregation of dopant cations at the grain boundary [8] and I doping inhibit the
phase transformation from anatase to rutile phase. This inhibition of the phase
transformation may be due to the formation of Ti-O-I bonds, and the doped I°* ions may
act as a ligand for the Ti(OH)n ions. Furthermore, this phenomenon reduces the crystallite
size of TiO2, which in turn slows down the formation of the rutile phase [9]. Co-doping
with iodine introduces further lattice distortions and defect sites, such as oxygen
vacancies, improving electron-hole separation and extending light absorption into the
visible spectrum. These modifications collectively enhance the photocatalytic efficiency
of TiO2, making it more effective for applications like pollutant degradation under solar
irradiation [10,11].

Figure 5.1 (b) shows the shift of diffraction peak (20 = 25.27) to the lower theta values as
a consequence of the larger radius of both La™ (1.03 A) and I°* (1.09 A) [12], compared
to that of Ti*" (0.61 A) by the Bragg equation: 2dsind =A. The average crystallite size of
TO and T8 calculated by equation 2.3 was 36.18 and 13.76 nm, respectively.

A minor broadening of the full width at half maximum intensity (FWHM) of the peaks
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for the LICT nanoparticles occurred, which indicated a reduction in the crystallite size

[13].
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Figure 5.1 XRD diagram of (a) selective LICT and undoped TiO>
photocatalysts, (b) enlarged view of (101) peak.
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5.3.1.2 FTIR:

Figure 5.2 illustrates the FTIR spectra of prepared photocatalysts. The broad band at 1002
cm! is because of the vibrational modes of Ti-O [14]. The widening absorption peaks at
1622 cm! and 3420 cm™ are attributed to bending and stretching vibrations of hydroxyl
functional groups linked to the surface. The presence of hydroxyl bonds on the surfaces
of samples enhances their catalytic efficiency due to their beneficial effects on the
production of highly reactive hydroxyl radicals during the reaction process [15]. The
values observed by Akbar et al. [16] are also in a comparable range with our results. There
is also evidence that I-doping strengthens the hydroxyl stretching and bending vibrations
of absorption peaks and that the peaks get stronger as the I-doping concentration rises.
Increased hydroxyl stretching and bending vibrations in FTIR spectra indicate a higher
density of surface hydroxyl groups on iodine and lanthanum co-doped TiO: nanoparticles.
These groups are crucial for generating hydroxyl radicals under UV light, enhancing
photocatalytic degradation of pollutants. This is attributed with the fact that when iodine
is doped in TiO», various species, such as [04/1037/I" are formed and have played an
essential part in improving the photocatalytic performance of catalysts in degradation of
MB dye [6].

The broader peaks at 3151 cm™ correspond to H-I-H stretching, and the strength of the
absorption peak increased with increase in I-doping concentration [11]. Barkul et al. [17]
observed comparable H-I-H stretching and bending vibration ranges. La doping moves
the distinctive peak to 480 cm™!, which may correlate to the bond of Ti-O-La. Bare TiO>
(without La or I doping) exhibits a band at 512 cm™!, a typical peak of TiO,. Sibu et al.[ 18]
likewise showed comparable ranges for their results. Consequently, it is evident from the
above explanation that the FTIR plot, Figure 5.2 validates the doping of La and I. This

shifts and broadening in specific FTIR peaks, such as the 3151 cm™" H-I-H stretching and
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480 cm™' Ti-O-La bond, suggest iodine-induced modifications in hydrogen bonding and
La-induced lattice distortions, respectively. These changes modify the electronic
structure, reduce the band gap, and allow greater visible light absorption, significantly
improving photocatalytic activity. lodine and lanthanum also create defect sites that
enhance charge separation and reduce recombination rates, boosting the efficiency of

photocatalytic reactions [19,20].
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Figure 5.2 FTIR plots of selective LICT and undoped TiO2 photocatalysts

5.3.1.3 DRS:

The UV-Visible range was used to determine the optical response of the synthesised LICT
and bare TiO2, which are illustrated in Figure 5.3. In present study indirect band-gap of
bare and LICT nanoparticles was determined by [F(Ra)xhv]"? vs hv plot. Here F(Ra) can

be represented by the Kubelka-Munk relation and given as follows:

F(Ra) = G=R° (5.1)

2XRa
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Where Ra = 107" is the reflectance coefficient which can be calculated from absorbance
data.

The results indicate that adding metals to TiO2 photocatalysts leads to a slight decrease in
band-gap. This change might be attributable to the dielectric confinement effect. Since
O: has a 2p orbital, charge moves from the valence band to the conduction band of TiO»,
and the dielectric constant of La>O3 is smaller than that of TiO», the energy change caused
by dielectric confinement (which happens when La is added) is bigger than the energy
change caused by space limits on electron holes. The observed displacement of spectral
lines towards longer wavelengths is called Red-shift [21]. The reduction of bandwidth by
the interaction of I 5p with Ti 3d states and the transition of O 2p states to higher energy
in Ti*" ions cause the shifting of the absorption band due to I-doping. The presence of
iodine in the TiO; lattice, which causes crystallographic defects in TiO; is an additional
cause of the absorption band shifting [9]. Bagwasi et al. identified comparable causes
(bandwidth narrowing and doping-induced crystal defect) for the absorption band shift
[22]. This band shift implies that I°" and La*" were successfully doped into TiO2 [9,23].
It is clear from Figure 5.3 the Eg for undoped TiO; is 3.2 eV and for T8 sample is 2.68
eV. The photocatalytic efficiency of La and I co-doped TiO: nanoparticles is enhanced
due to the red shift in UV-visible absorption spectra and decreased band-gap energy. The
red shift, resulting from iodine-induced mid-gap states and La-induced lattice distortions,
enables absorption of visible light by introducing additional energy levels and modifying
the electronic environment [9, 24-25]. This effect, coupled with dielectric confinement,
improves light absorption and charge carrier localization. Decreased band-gap energy,
facilitated by iodine and lanthanum doping creating defect states and lattice distortions,
allows for lower-energy light absorption. This synergy boosts photocatalytic activity by

enhancing light absorption, extending charge carrier lifetime, and increasing surface
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reactivity [21,26]. Lanthanum at grain boundaries further stabilizes the anatase phase,

maintaining high photocatalytic efficiency [6].
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Figure 5.3 DRS plots of selective LICT and undoped TiO: photocatalysts

5.3.1.4 XPS:

XPS analysis was performed on LICT and undoped samples to determine the presence of
elements and their oxidation states. The respective elements were present in the samples.
Figure 5.4 (a) depicts the XPS spectra of the 2p orbital of Ti in bare and LICT. Both co-
doped and undoped samples exhibit two distinct peaks attributable to Ti 2p3/2 and Ti 2pi2,
showing that Ti*' is the predominant oxidation state of titanium in anatase TiO2 [27]. The
undoped sample of TiO2 exhibits binding energy (BE) values of 458.9 eV and 464.6 eV
[28]. Due to co-doping, these peaks move toward higher BE, i.e., greater than 0.2 eV,

indicating several electronic interactions between Ti and La oxides. The variation in
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electronegativity results in reduction of the external electron density of titanium, causes
increment in the BE of Ti 2p [29]. Figure 5.4 (b) depicts the XPS pattern for O 1s. The
bare TiO2 sample exhibits at BEs of 529.28 and 531.08 eV, which belong to the lattice O2
and OH group, respectively. The T8 sample exhibits three distinct peaks, with two of them
are similar as in undoped one but with a rise of more than 0.2 eV. Furthermore, the third
one is detected at a BE of 532.43 eV, corresponding to the La-O bond, as supported by
FTIR. Figure 5.4 (c) depicts La 3d spectra of LICT. The diagram displays peaks indicative
of the spin-split orbit levels La 3ds2 and La 3ds. These peaks demonstrate the existence
of La*" entities at 855.3 and 837.1 eV, respectively [30,31]. According to the literature,
the reported BEs for the 3d shifting of Lanthanum are 852 and 835 eV. However, it has
been discovered that these peaks undergo an upward shift to higher energy values. This
shift is ascribed to the substitution of Ti*" with La®". It is apparent that La does not
integrate into TiO; lattice but rather exists within in the form of Ti-O-La bond [32-34].
La is less electronegative than Ti, which causes a charge imbalance in doped TiO».
Consequently, this change in the BE of La decreases Ti-O-La electron density [35].

In Figure 5.4 (d), the XPS spectrum of I 3d is depicted. The presence of peaks at 623.1

I°" and I ions.

and 618.8 eV, corresponding to I 3d3/2 and I 3ds.2, indicates the presence of
The charge imbalance resulting from the substitution of Ti*" with I°" causes the formation
of I". The capability of I°" to form a transitional energy level below the conduction band
of TiOz leads to a reduction in the Eg and an increase in the lifetime of electron-hole pairs
[36]. I°*/I" pairs were detected in I-doped TiO», and I°" ions replaced Ti*" in the Ti—-O-I
link, as demonstrated by the results [37]. The presence of both iodine ions in the
synthesised photocatalyst, as reported by Saroj et al., indicates the creation of Ti-O-I link

via replacement of I°* for Ti*' ions. Since both ions operate as electron acceptors, the

presence of these ions ensures the splitting of photogenerated pairs of electron and hole
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and limits their recombination [9].

As it is earlier discussed in Figure 5.4 (a) compared to un-doped TiO> nanoparticles, the
Ti 2p peak of LICT nanoparticles moved slightly towards higher BE. This could be
explained by the fact that iodine has higher electron negativity, and La has smaller
electron negativity than titanium. Because of this, adding La and I to the TiO> structure a
change in the electron density occurred in the vicinity of the Ti cations. This affirmed the

La and I were co-doped successfully to the TiO> crystal [38].
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5.3.1.5 HR-TEM:

The morphology and the crystallite size of the synthesized photocatalysts were
determined using HR-TEM analysis.

From Figure 5.5 (a), the HR-TEM image of the T8 photocatalyst is found to be spherical,
and these nanoparticles seem to be overlapped with each other and also agglomerated due
to the high surface energy [31,39]. The selected area electron diffraction (SAED) in the
inset of Figure 5.5 (a) shows that the particle's anatase phase is visible based on the
anatase (101) main peak, which is also confirmed by XRD analysis. SAED images also
indicated the highly crystalline structure of the T8 photocatalyst [15,40].

With the help of histogram data, shown in Figure 5.5 (b), the average particle size of the
T8 photocatalyst was calculated. The synthesized T8 photocatalyst has an average particle
size of 17.46+4.03 nm. The average particle size obtained from HR-TEM analysis has
good agreement with the average particle size that was calculated using Scherrer's

formula in the XRD analysis, as observed in the particle size histogram.
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Figure 5.5 HR-TEM and SAED image of T8 photocatalyst (b) and
Particle size distribution of T8 photocatalyst

5.3.2 Photodegradation of MB dye:

Photodegradation of MB dye in aqueous solutions of different dye concentrations (10, 20,
30, 40 and 50 ppm) with all catalysts was performed, and results are given in Table 5.4.
The procedure for the photodegradation of MB dye is already discussed in section 2.5. It
is clear from Table 5.4 that photocatalyst T8 has the highest value of the rate constant at
each dye concentration. So, for further analysis, only the T8 catalyst is considered.

The potential of LICT and bare TiO; photocatalysts to degrade MB dye in UV light was
tested by running different experiments with different reaction parameters. Before
standardising the reaction conditions, test runs were done to determine how variables like
UV light and catalyst affected each other.

Only the MB dye (without photocatalysts) trial degradation tests were done for 1 h, both
with and without light. In both cases, the results show that UV light does not affect how

MB dye degrades.
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A quartz tube was loaded with 100 mL of dye solution and 0.01 g of catalyst, and the
mixture was agitated for 60 min in the dark. After that, the absorbance was measured at
the Amax. The dye solution at equilibrium had a slight reduction in its absorbance and hence
in concentration reason being dye adsorption on the catalyst, which was about 2%.

It is desirable for propagation of photocatalytic reaction. In the final step, the dye solution
and the catalyst were placed inside a quartz tube and agitated for an hour under ultraviolet
light. The absorbance was then measured. The absorbance decrease shows that UV light
was responsible for activating the catalyst and producing hydroxyl radicals, which
degrade the dye molecules [41].

The effects of different parameters pH, initial dye concentrations, and catalyst amounts
were studied to find the best values of these parameters with time. Throughout this
investigation into the consequences of these reaction characteristics, one of the
parameters was altered while the others remained the same.

5.3.2.1 Effect of pH:

The effect of different pH (3, 4, 5, 6, 7, 8, 9 and 10), a significant parameter, on the
photodegradation of MB is illustrated in Figure 5.6. This shows that photocatalytic
activity is highest at 9 pH. Since in photocatalytic reaction strong oxidants OH- radicals
are generated, responsible for MB's photocatalytic degradation [42]. So, low pH is not
advantageous because combining hydroxyl groups with several protons prevents the
formation of OH', which significantly decreases the dye degrading efficiency. However,
when the pH is significantly high, the surface of the TiO2 becomes negatively charged.
This causes hydroxyl ions to build up. Because of this, the surface of the TiO2 becomes

less active, and the rate of degradation slows down [43].
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Figure 5.6 Effect of pH on removal of MB dye by T8 photocatalyst at initial
concentration of 30 ppm and catalyst dose of 0.1 g L!

5.3.2.2 Effect of photocatalyst loading:

Fixing the right amount of catalyst to be used during the photocatalytic reaction is a better
way to get more photons and avoid wasting the catalyst. In this case, to find the best
amount of catalyst was found by conducting experiments with different loading from 0.02
to 0.14 g L'! while other conditions remained the same. Degradation studies were carried
out at pH 9 and 30 ppm MB concentration. With increased catalyst loading (0.02 to 0.1 g
L), an increase in degrading efficiency was observed. The maximum removal efficiency
(93.33%) was found at 0.1 g L™! [44].

Whereas further increase in catalyst loading (0.1 to 0.14 g L) the degrading efficiency
decreased. Krishnan and Shriwastav [44] have suggested increasing the loading upto the

optimum value; the overall number of active sites on the catalyst surface increases with
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an increase in catalyst loading, produce more OHe radicals which contribute to dye
degradation. The decrease in activity beyond optimal value may be because of resistant
to the light approach to nanoparticles’ surface. Moreover, aggregated particles may occur
due to excessive photocatalyst use [43]. The best loading for photodegradation of MB

was 0.1 g L! as evidenced by Figure 5.7.
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Figure 5.7 Effect of catalyst loading on the removal of MB dye by T8
photocatalyst at initial concentration of dye 30 ppm and pH 9
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5.3.2.3 Effect of initial dye concentration:

Furthermore, at pH 9, using 10, 20, 30, 40, and 50 ppm of initial dye solution for T8
catalyst, how the starting concentration of MB affects the rate of photocatalytic
degradation was studied. Figure 5.8 displays the experimental results, which show that
the concentration of the dye significantly affects the degradation rate. Degradation rates
in 40 min for 10 ppm, 20 ppm, 30 ppm, 40 ppm and 50 ppm are 98%, 95%, 93.33%, 90%
and 88%, respectively. The explanation for difference in degradation rate is that the
concentration of dye molecules rises, the quantity of available sites on the photocatalyst's
surface remains constant, meaning fewer molecules can be degraded at any given time.
In addition, a higher dye concentration causes a large number of molecules available for
adsorption on the catalyst, limiting the amount of light that may reach the catalyst's active

sites. So, fewer OH" are formed, resulting in low MB dye degradation [21].
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Table 5.3 Comparison of photocatalytic activity (MB degradation) of various doped TiO-
Photocatalysts

Catalyst | Optim. | Poll. | Reactor Time | Rate Constant | % Ref.
doping (Light source) | (min) | (min™') Deg.
Nadoped | 8% MB 300 W high- | 60 0.043 92.5 [45]
TiO, mole pressure ultra
vitalux lamp
Sn doped | 5% MB 125 W Hg| 120 0.1629 (UV), 98 [46]
TiO; mole lamp (UV), 0.0123(Visible) | (UV)
Visible light 77
(Vis.)
Bi-doped | 10% MB 32 W | 150 0.006 64 [47]
TiO, mole fluorescent
lamp
Fe-N co- | 1% Fe | MB 25 W | 300 Not Reported 80.5 [48]
doped & % N fluorescent
Ti0, lamp
S-Ni co- | 1.02% | MB 500 W halogen | 180 Not Reported | 85 [49]
doped Ni & lamp
TiO; 1.12% S
wt
Bi- 1%wt |MB |250 W Hg| 120 0.0012 80 [50]
doped lamp
TiO,
Ni-Crco- | 6% Ni& | MB Sunlight 90 0.0366 95.6 [51]
doped 4% Cr
TiO; wt
La- I co- | 2% La|MB uv Photo- | 40 0.060 98 Prese
doped &3%1 chemical nt
TiO» Reactor  with Work
8W of 8 tubes

5.3.2.4 Overall optimum conditions for Degradation of MB dye

Performance of T8 catalyst was the best at catalyst loading of 0.1 g L', pH of 9, and an
initial dye concentration of 10 ppm. The performance of different material doped TiO>
catalysts for degradation of MB dye reported in the literature is given in Table 5.3. It is
inferred that a semiconductor material could photocatalyse the pollutants in an effective
way. Compared to the catalysts reported in literature, our T8 catalyst works better in

UV light.
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5.3.3 Scavenger Studies on LICT photocatalysts for MB dye degradation:

The present study aimed to explore the impact of scavengers, namely isopropanol (OH"
scavenger), EDTA (h" scavenger) and ascorbic acid (O2" scavenger) at overall optimum
conditions for degradation of MB dye was investigated. The % degradation for MB dye
was 98% for T8 photocatalyst without addition of any scavenger. The results indicated
that the degradation rate decreased from 98% to 58.67%, 74.35%, and 83.65% when
isopropanol, EDTA, and ascorbic acid were added to the system, respectively. These
results are also consistent with previous scavenger studies on doped TiO2 photocatalysts
for the degradation of dyes [52-54].

So, the primary reactive species involved in the photocatalytic degradation of MB dye is
hydroxyl radical (*OH). Furthermore, significant inhibition of MB dye degradation was
also observed in the presence of EDTA, indicating the substantial involvement of h* in
the photocatalytic process [57].

The addition of scavengers resulted in the reduction of degradation in all cases, indicating
the participation of various species, namely OH", h" and O, in the photocatalytic
degradation process. As described in the mechanism, these species played a crucial role
in the degradation process [54].

5.3.4 Possible Mechanism:

In order to act as electron trap sites near nanocrystalline TiO2, La-doping produces oxygen
vacancies, which provide shallow energy states at the bottom of the conduction band. The
shallow energy states introduced by rare earth ion (La) in the top valence band, function
as hole trap sites. Such trapping is attributable to the separation of the charge carriers.
Charge carriers then move to the photocatalyst's surface to begin redox processes,
enhancing the photocatalytic activity of the photocatalyst [56]. Lan et al. [33] suggest that

doping of La may alter Ti*' to Ti** by charge compensation. La doping may result in the
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formation of impurity levels due to interactions between Ti** and oxygen vacancies,
which might limit the recombination of charge carriers. Also, La2O3 may transmit
electrons to the TiO: surface, which is beneficial for photocatalytic activity [57]. In
addition, the light penetration depth into titania much exceeds that of space charge film
when the dopant concentration is very high. Space charge area becomes extremely
limited; consequently, the recombination of the electron-hole pairs generated by the
photoexcitation process becomes more straightforward [32].

The iodine doped TiO: yields 1047103/  species, which play an essential role in the
improvement of the photocatalytic activity of TiO2 because 104 and 103 intermediates
create highly reactive 103 and 104 free radicals. These free radicals are accountable for
the oxidation of MB. The existence of additional iodine states I°* (verified by XPS
analysis) suggests improved electron-hole separation, which inhibits the recombination
as I°* functions as an electron acceptor. The created holes can immediately react with
hydroxyl groups (adsorbed on the surface), generating OH free radicals that play a crucial
role in photocatalytic dye degradation [9]. From the preceding explanation, it is evident
that the synergistic impact of La and I co-doped TiO, improves the photocatalytic
degradation of MB dye.

The following describes the process by which LICT efficiently absorbs protons from UV
light:

LICT+hv —h'w +ew (5.2)
The production of hydroxyl and superoxide radicals because of the neutralisation by
photo holes and electrons, respectively, is demonstrated by the following:

LICT(h") + H,O/OH — LICT + H" + -OH (5.3)
LICT(e") + O2 — LICT + O~ (5.4)

Oxidation of MB by consecutive attacks of OH and O radicals:
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OH- + MB — Simpler products (5.9

02" + MB — Simpler products (5.6)

100

80

60

% Degradation

20

No Scavenger  Ascorbic Acid EDTA Isopropanol

Figure 5.9 Effect of different Scavengers on Photocatalytic degradation of MB dye.

5.3.5 Kinetics study of degradation of the dye with LICT photocatalysts:
All catalysts were subjected to kinetic studies, of which Figure 5.10 and Figure 5.11
depict kinetic data for MB dye degradation with T8 photocatalyst. The presented figures
display the concentration vs time and -In(C/Co) vs time plots. The obtained high R? values
indicate that the degradation kinetics of MB with all the catalysts can be adequately
described by pseudo-first-order kinetics Eq. (5.7).

-dC/dt =k,C (5.7
Based on the -In(C/Co) vs time graph, the k, values were calculated and presented in
Table 5.4, with their corresponding R? values. It is observed from this table that the rate

constant exhibited a linear increase as the doping of La was increased up to 2 % in
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conjunction with a simultaneous increase in, [ doping up to 3 %. However, beyond these
doping concentrations, the rate constant decreased. This decrease can be attributed to light
scattering phenomena, leading to an increase in the optical density of the suspension at
the wavelength of the incident light. The increase in doping levels of La and I initially
enhanced the photocatalytic activity, leading to a higher rate constant. This can be
attributed to the enhanced charge carrier separation and the increased surface area
available for catalytic reactions. However, as the doping concentrations exceeded the
optimum levels, the excessive presence of dopants caused light scattering, hindering the
effective penetration of light into the suspension. This reduced the overall efficiency of
the photocatalytic process, resulting in a decrease in the rate constant value [58].

Therefore, it is crucial to optimize the doping concentrations of La and I in order to
achieve the highest photocatalytic activity. So, it is clear from above discussion that
optimum doping level of La was up to 2% in conjunction with a simultaneous doping of
iodine up to 3%. Beyond this the presence of excessive dopants can lead to light scattering
and a subsequent decline in the rate constant, which is confirmed by Table 5.4. The

obtained kinetics results from this study are comparable to those reported in Table 5.3.
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Figure 5.10 Kinetic analysis of MB dye degradation with T8 photocatalyst at
catalyst dose of 0.1 g L!, volume of solution 100 mL and pH 9
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Table 5.4 Summary of the degree of fitting (R?) and reaction rate constants of the
undoped and LICT photocatalysts.

10 ppm

20 ppm

Cat.

kp

RZ

kp

R2

TO

0.034

0.988

0.033

0.988

T1

0.041

0.985

0.039

0.986

T2

0.042

0.988

0.04

0.983

T3

0.044

0.979

0.041

0.989

T4

0.047

0.981

0.046

0.986

T5

0.051

0.988

0.048

0.987

T6

0.053

0.986

0.050

0.985

T7

0.056

0.988

0.053

0.978

T8

0.064

0.979

0.062

0.984

T9

0.062

0.988

0.060

0.981

T10

0.060

0.975

0.058

0.978

T11

0.058

0.991

0.056

0.972

T12

0.057

0.989

0.054

0.98

T13

0.055

0.99

0.053

0.956

T14

0.051

0.989

0.049

0.982

T15

0.049

0.989

0.046

0.982

T16

0.047

0.989

0.044

0.982

T17

0.045

0.991

0.043

0.978

T18

0.044

0.991

0.042

0.99

T19

0.042

0.981

0.039

0.968

T20

0.040

0.972

0.037

0.978

T21

0.039

0.982

0.035

0.973

122

0.038

0.974

0.034

0.984

T23

0.037

0.986

0.032

0.996

T24

0.036

0.994

0.031

0.973

T25

0.035

0.997

0.031

0.975

Kp is in min-!
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Figure 5.11 Kinetic analysis of the degradation of MB dye by T8 photocatalyst
at catalyst dose of 0.1 g L!, volume of solution 100 mL, -In(C/Co) vs t data

5.3.6 Reusability and comparative study of the catalysts:

The ability to recycle a photocatalyst is crucial for economics. Therefore, the T8 catalyst
was regenerated and reused for MB dye degradation in UV light. The trials were repeated
five times in a row, and the findings are depicted in Figure 5.12. After the initial kinetic
study, the catalyst was removed with a fresh catalyst and regenerated. The kinetic studied
were carried out with a regenerated catalyst, and the percent removal was calculated after
40 min. The photocatalyst's degradation efficiency has dropped after a few experiments.
This may be due to systemic effects or the blocking of active sites after the photocatalyst
has been cleaned and reused [59]. In our case the loss of efficiency was only 11.67 %
after five cycles.

As can be observed in Figure 5.13, FTIR spectra were obtained immediately following

the reusability experiments to monitor photocatalyst stability. Even after five successive
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degradations, the photocatalyst showed a minor, imperceptible variation in its spectrum.

Figure 5.14 displays a comparison of performance in terms of degradation kinetic study
among Aeroxide P-25, the best LICT sample, i.e., T8, and the synthesised undoped TiO>
under UV light. According to the findings, T8 performed best in terms of photocatalytic

activity.

100

80

60

% Removal

40

20

0 1 2 3 4 5
No. of Cycles

Figure 5.12 The reusability of LICT for the degradation of MB dye at 30 ppm.
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Figure 5.13 FTIR spectra of the regenerated T8 photocatalyst.
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Figure 5.14 Comparison of the best photocatalyst for 30 ppm MB dye
degradation using undoped TiO», T8, and Aeroxide P-25.

5.3.7 Phytotoxicity analysis:

To assess the phytotoxicity of the treated dye solution (the solution obtained after
treatment of 30 ppm MB dye solution with T8 photocatalyst), the germination of Vigna
radiata seeds was used. Figure 5.15 illustrates the seed germination process for different
germination phases for Vigna radiata seeds after two days and five days. The results
obtained are presented in Table 5.5.

The germination was found to be low in phytotoxicity test in Vigna radiata (70%) seeds
irrigated with 30 ppm of MB (untreated water), whereas 90% with treated water and 100%
with control (distilled water). The germination index was 52.5, 90, 100% respectively.
The root and shoot development were significantly higher when seeds were irrigated with
the treated water in comparison with untreated. The study revealed that the disparity in

the length of roots and shoots of seeds compared to the control group was marginally
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lower yet significantly greater than that of the untreated water.

Additionally, the PIN (Phytotoxicity index) of the treated sample was considerably
superior to that of the untreated sample. However, the GIN (Germination index) value is
more similar to the control seeds. A positive correlation exists between the GIN value and
the rate of germination. Based on the analysis of various parameters critical to evaluating
seed growth, it can be inferred that the phytotoxicity of treated samples is lower than

untreated if used for irrigation.

Figure 5.15 (a) Seed germination of control, Treated and untreated sample at t = 2 days
(b) Seed growth of control, Treated and untreated sample at t = 5 days

Table 5.5 Toxicity assessment of residual MB solution after photodegradation on Vigna
radiata seeds in control, treated and untreated sample.

Sample Root Shoot % RG % SG PIN % GIN
Length Length
(cm) (cm)
Treated 2+0.14 6+£0.26 100 90 0 90
Untreated | 1.5+£0.16 |[4+0.19 |75 70 25 52.5
Control 2+0.11 16 +0.47 | 100 100 0 100

% RG: % Relative root growth; % SG: % Relative seed germination; PI: Phytotoxicity
index; % GIN: % Germination index.
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5.4 Conclusion:

The solution-combustion method was used to prepare undoped and LICT nanoparticles
successfully. The nanoparticles underwent characterization using XRD, DRS, FTIR, and
XPS. The photodegradation of the MB dye was employed to assess the photocatalytic
performance of prepared photocatalysts. All the kinetic studies on the photocatalysts
show that the T8 photocatalyst has the highest photocatalytic activity. Also, the
optimum level of MB degradation, 98%, was achieved by catalyst dose of 0.1 g L}, pH
of 9, an initial concentration of 10 ppm of MB, and 40 min of exposure to UV light. The
catalyst T8 was regenerated and used again. The dye was degraded by photocatalyst in
UV light, and the results showed that the activity of regenerated T8 photocatalyst
diminished with the number of times it was regenerated. The prepared T8 photocatalyst
outperformed both bare TiO, and Aeroxide P-25 in terms of photocatalytic activity. The
evaluation of phytotoxicity demonstrates that the treated MB-bearing water is much less
phytotoxic then untreated during germination of Vigna radiata seeds.

The germination was found to be low in phytotoxicity test in Vigna radiata (70%) seeds
irrigated with 30 ppm of MB (untreated water), whereas 90% with treated water and 100%
with control (distilled water). The germination index was 52.5, 90, 100% respectively.
The root and shoot development were significantly higher when seeds were irrigated with

the treated water in comparison with untreated.
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