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Abstract

The present work reports the synthesis of Ti-Al Oxides (TAOs) nanomaterial
by an organic solvent-free impregnation method. The as-prepared products
were studied by XRD, SEM-EDAX, UV-Vis, and FT-IR analytical techniques.
XRD patterns revealed the fact that both TiO, (TO) and TAOs exhibited
almost similar peaks with the exception to minor peak difference in width
and height which could be attributed to the alteration in the size of the
particles. At the calcination temperature of 500°C, the absence of peaks for
ALO, (AO) in the TAOs XRD pattern indicates the amorphous nature of AQ.
However, the appearance of Ti, Al, and O on EDAX and redshift on UV-Vis
spectra confirm the successful impregnation of AO on TO. The pollutant
degradation ability of TAOs photocatalyst was tested on methyl orange
(MO) dye. Compared to pure TO, TAO composite has greater degradation
efficiency. However, as the percentage of AO increases the degradation
efficiency decreases. The conducted Langmuir model test was found to
fit well for the photocatalytic reaction process following first-order reaction
kinetics. Comparing the values for kinetics constant with earlier work, this
work showed good MO degradation efficiency with reaction rate constant
(k) values of 0.023.
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Introduction

Various water treatment practices such as
sedimentation—flocculation, coagulation, molecular
sieving, ion exchange, reverse osmosis, membrane
filtration, ozonation, chlorination, and chemical

precipitation, have been utilized to remove
pollutants. However, the application of combined
adsorption-photocatalysis technique was found
to accomplish complete degradation of pollutants
into the water, gas and mineral forms." The metal
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oxides such as titanium oxide (TiO,), zinc oxide
(Zn0), hematite (a-Fe,O,), maghemite (y-Fe,O,),
magnetite (Fe,O,), manganese (lll) oxide (Mn,O,),
and manganese dioxide (MnO) have recently
gained significant attention for both adsorption and
photocatalytic applications due to their superior
thermal stability, corrosion resistance, and high
surface area to volume ratio.?

TiO, exhibits outstanding properties such as
strong oxidizing power under ultraviolet irradiation,
physicochemical properties, stability, and less toxicity.
However, with its low surface area, rapid electron-
hole (e-h*) recombination, and agglomeration due
to the presence of metal oxygen bond (M-O-M),
the photocatalytic effectiveness of bare TiO, was
found to get seriously affected.® To prevent these
e-h* recombination and agglomerations, number
of attempts were made in the past which includes
the formation of nanocomposites,* doping,® noble
and non-noble deposition®” and formation of
heterojunction with narrow bandgap metal oxides.
Among those modifications, the formation of a
heterojunction with metal oxides that have high
specific surface area becomes relatively the best
technique. Furthermore, the adjustable pore size
behavior and high stability of ALLO, makes it superior
support for TiO,.2

In addition, many researchers reported wide
variety of materials such as mesoporous AL,O,@
TiO, nanocomposites synthesized by precipitation
method for decolorization of reactive black 5 dye,?
two-phase TiO,/Al,O, nanocomposite synthesized
by hydrothermal used for adsorption and
photocatalytic degradation of reactive brilliant red
X-3B dye,® mesoporous Al,O,~TiO, nanocomposites
synthesized by sol-gel method for photocatalytic
degradation of imazapyr herbicide,' TiO,/AlLQO,
catalyst via sol-gel route using polymer templates
for congo red degradation,' TiO,/Al O, photocatalyst
made by sol-gel method for photocatalytic oxidation
of NO™ and NO, reduction.’®' The obtained results
have confirmed the positive effects of incorporation
of AL,O, towards enhanced pollutant as well as light
absorption capability, which includes increased
stability at various conditions and enhanced e-h*
recombination hindrance. However, these studies
involve toxic organic solvents which result in an
environmentally unsafe condition and additional
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time-consuming multi-step processes that make the
whole process more tedious and less economical.

Therefore, in order to overcome these drawbacks,
synthesis of new nanomaterials with a suitable
method to control the size, shape, and morphology
would be an alternative for the existing materials.
Different chemical synthesis techniques including the
hydrothermal, precipitation, sol-gel, impregnation,
micro-emulsion, solvothermal, electrochemical
deposition, microwave, etc. have been tested.'>1®
Relative to the others, the sol-gel, co-precipitation,
and impregnation methods showed positive effects."”

The present work aims to synthesize TAOs
nanomaterial by impregnating various weight
percentages of AO in TiO, (TO) using an organic
solvent-free impregnation method at different
calcination temperature. The synthesized TAOs were
characterized by scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDX),
X-ray diffraction (XRD), Fourier transform infrared
(FT-IR), ultraviolet-visible spectroscopy (UV-Vis).
Finally, the evaluation of as-synthesized TAOs had
been carried out for its adsorption-photocatalytic
degradation activity for methyl orange (MO) dye.

Methods

The impregnation method was adopted as reported
in authors earlier work inorder to load AO on TO
powder.'® 0.1 M of TAO materials were synthesized
by adding the appropriate amount of TO powder in
an aqueous solution of aluminum nitrate nonahydrate
((AI(NO,),*9H,0) salt with continuous stirring on a
magnetic stirrer at 80°C for 30 minutes. The pH of
the solution was adjusted by drop wise addition of
NaOH. After aging for 8 hours, the samples were
washed, dried overnight (105°C) and ground.
Furthermore, to remove impurities and increase the
crystallinity, samples were calcined at 500 °C. For all
percentage of AQ, the same procedure was followed
to synthesize TAOs and samples were designated as
TAO-4, TAO-8, and TAO-12 for the respective 4, 8,
and 12 % of AO. To check the effects of temperature,
the percentage optimized catalyst (TAO-4) was
calcined at 700 and 900°C.

The Langmuir experiment in the dark was conducted
using a different initial concentration of MO and
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optimized 0.5 g of catalyst in 50 mL of Erlenmeyer
flasks. The photocatalytic degradation experiments
were conducted by contacting 0.5 g of catalyst powder
with an aqueous solution of MO. Initially, to see the
effect of adsorption without light irradiation, the
reaction mixture was kept in the dark for 60 minutes
with continuous stirring using magnetic stirrer. On the
second step, after achieving adsorption-desorption
equilibrium in the dark, the samples were irradiated.
Throughout the photocatalytic reaction, 10 mL of
MO solution was taken at defined intervals and the
residual concentration was measured using a UV-Vis
spectrophotometer at the wavelength of 465 nm.®

The concentration of MO left during the degradation
process after time, t was estimated using equation 1:

The concentration of MO = C,/C, x100%  ...(1)

The reaction rate constant (k) was estimated from
the linear relationship of equation 2:

In C,/C, = kt (2)

To test the favorability of the adsorption reaction in
dark the linear plots of Langmuir were used.

Langmuir: C_/q.=C_/q  + 1/q K

m L’

& R, =1/14KC,
(3)

For the study of the spontaneity of the reaction
process during adsorption test in the dark, the
Flory-Huggins adsorption isotherm model was used.

Flory-Huggins: In(6/C_ )=niIn(1-0)+ Ink_,, &
AG°=-RTIn(k,) ..(4)

Where, C_ is initial concentration; C, is equilibrium
concentration; g, is the amounts of analyte
accumulated per gram of the catalyst; g, is maximum
uptake; K, is the ratio of adsorption and desorption
rate constant; n is the number of ions adsorbed on
the site of the catalyst; 0 = [1-(C,/(C,)] is fractional
surface coverage; T is temperature (K); R is the
universal gas constant (8.314 J/molK).
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Results and Discussion

Characterization

XRD patterns of TAO and amorphous AO are
presented in Fig. 1a and b. In comparison with other
results, the 26 values and respective Miller indices
for both bare TO and TAO appeared at 23 (101),
26°(110), 38°(004), 48 (200), 54 (105), 56 (211),
67°(110), and 69°(220) confirms the anatase TO
and 35°(101), 44°(210), 63°(002) confirms the rutile
TO.2°21 Even though the anatase phase was known
for its excellent photodecomposition behavior, the
presence of rutile phase in a mixture accounts for
noticeable stability of the materials.' The spectra for
single TO and TAO appear to be identical except for
a minor peak difference in width and height.

As shown in Fig. 2, at the calcination temperature
of 500°C, the amorphous nature of AO is clearly
observed before as well as after smoothing to
20 points. Furthermore, the particle size is also found
to increase on rising the calcination temperature to
700 °C and 900°C. As explained by,? even though
the formation of the gamma phase of aluminum
oxides (y-AlL,O,) was observed for single Al,O, at
higher calcination temperature (900°C), the XRD
patterns of TAO composite did not show the peaks
for y-ALLO, (supplementary material, Fig. 1). Most
probably, this is due to the domination of the higher
percentage of TO in the composite. However, since
the particle size is the key condition for photocatalytic
degradation of dyes, TAO calcined at 500°C was
used for the degradation of MO dye.

SEM images and EDAX spectra of the synthesized
materials were obtained from SEM-EDAX instrument
with model ZEISS EVO 18 and are depicted in
Fig. 2a. From SEM images, the presence of a
spherical type of particles and a number of open
pores between the particles were realized. These
pores possibly enable the adsorption of the pollutant
on the surface of the catalyst. Furthermore, the
obtained EDAX spectra indicate the presence of
titanium (Ti), aluminum (Al), carbon (C), and oxygen
(O). The appearance of C peak is believed to be
due to the standards used during analysis (Fig. 2a).
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Fig. 1: (a) XRD pattern of TO and TAO (b) XRD pattern of AO without and after smoothing
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Fig. 2: (a) SEM images at different magnification and (b) EDX spectra of TAO

As illustrated in the UV-Vis spectra (Fig. 3), shifting
of a peak to longer wavelength (redshift) from
approximately 400 nm for TO to 500 and 640 nm
for TAO, indicates the possibilities of degrading
pollutants with visible light unlike that of TO which
uses only UV light. The electronegativity values of
Ti, Al,and O is 1.54, 1.61, and 3.4, respectively. The
order of ionic nature of the elements is the inverse

of their electronegativity. Therefore, the difference
in energy levels between CB state of metal and VB
of O 2P before contact attains the order of Ti >Al.%

This leads to the creation of a new bandgap in
between valance band (VB) and conduction band
(CB) of TO. Itis reported, in fact, the amorphous nature
of AO has more defect sites than crystals. By the
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synergistic effect, the e - h* recombination behavior  in width and intensity was observed. As usual, the
decreases, thus increasing the photocatalytic  peaks appeared approximately in the range of
activity.’® Therefore, this shifting of wavelength is  400-900 cm' is possibly due to bending vibration of
believed to confirm the good impregnation of AO in  Ti-O, Al-O, Ti-O-Ti, and Al-O-Al. The other common
the lattice of TO. broad stretching absorption bands detected at

around 3400 and 1600 cm™" are due to hydroxide ion
The FT-IR spectra (Fig. 4) of the synthesized (OH") and water molecules (H-O-H). Those bands
materials shows no extra peaks for TAO compared  are important for adsorption of pollutant, especially
to that of bare TO spectra. But, only a small change  during adsorption-desorption time.242°
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Fig. 3: (a) UV-Vis spectra of TO, AO, and TAO (b) Direct Taucs plot of TAO
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Photocatalysis

As shown in Fig. 5, TAO-4-500 exhibited the highest
photocatalytic activity. This indicates that the
percentage of AO affects the photocatalytic activity
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of the synthesized materials. As revealed on In
(C/C) versus reaction time plot (Fig. 5b), except
for the blank, all the other exhibited good linear
correlation.
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Fig. 5: (a) Plots of relative concentration versus reaction time, (b) In(Co/C) versus
reaction time Linear correlation plots Photocatalytic degradation of MO

The order of the obtained equilibrium constant value
follows the same trends as degradation efficiency
order indicated above. Furthermore, as explained
by Ohtani,® to study the rate of reaction using
first-order reaction kinetics in photocatalysis, the
reaction should be under the control of the diffusion
process. On the contrary, if the process is surface
reaction limited, it should follow the Langmuir
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isotherm model. As shown in Fig. 6a, for this work
the Langmuir model fits well and being the essential
equilibrium parameter R, value in between 0 and 1
(i.e., 0.971) also indicates the actuality of favorable
adsorption. Furthermore, the negative free energy
value (AG = -2.74 kJ/mol) obtained from the Flory-
Huggins model (Fig. 6b) show the spontaneity of the
reaction process.
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Fig. 6: (a) Linear Langmuir (b) linear Flory-Huggins adsorption isotherm
models for adsorption of Methyl orange dye onto TAO composite



ABEBE & MURTHY, Mat. Sci. Res. India, Vol. 16(3), pg. 252-260 (2019)

Proposed Possible Mechanisms

The band edges of metal oxide is highly dependent
on the surface charge,?” therefore without
conducting different analytical techniques it is
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difficult to determine the mechanism of formation of
heterojunction between metal oxides. Therefore, the
proposed possible mechanisms for this work were
given in Fig. 7.
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Fig. 7: (a) Photocatalysis mechanism, (b) Energy level diagram signifying the three main
electronic arrangements of semiconductor with proposed TO and AO mechanism, (c)
Energy level diagram that display the up and down movement of the FL after contact

After the adsorption of pollutants on the active sites,
as usual interaction of light (hv) with photocatalyst
generates e and h* pair on CB and VB bands
respectively. Moreover, interaction of these e- with
oxygen from the air and h* with water from the
solution, led to the creation of a strong oxidizing
agent, i.e. hydroxyl radicals (OH'). Thus, the created
OH- leads to mineralization of pollutants to nontoxic
CO,, H,0 and mineral acids (Fig. 7a).

Depending on the bandgap energies and bandgap
potentials of semiconductor metal oxide, relative to
normal hydrogen electrode (NHE), the electronic
arrangement of heterojunction categorized into
straddling, staggered, and broke gap type (Fig. 7b).

The charge transfer synergies of straddling and
staggered gap are dependent on the amount of light
energy applied and different synthesis condition.
Due to great variation of the VB and CB location
of two metal oxides, the charge transfer ability of
broken type heterojunction is less applicable. Hence,
among the three possible types heterojunction, the
staggered gap type suggested as a precise coupling
procedure. For the formation of the staggered gap
type, it is reported that the up and down movement
of Fermi level and forming contact to each other is
the requirement (Fig. 7c). During this movement,
a depletion layer that produces an electric field
can be created.?® The activated electric field drives
the diffusion of the photo-generated e - h* out of
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the depletion layer and results in activation of the
photocatalysis efficiency.®®

Conclusions

Ti-Al Oxides (TAOs) nanomaterials were synthesized
by impregnating various weight percentages of
ALO, (AO) in TiO, (TO) using an organic solvent-
free impregnation method at different calcination
temperatures. Among the three samples, the four
percent AO calcined at 500°C (TAO-4-500) exhibited
a large surface area to volume ratio and better
photocatalytic activity. All the XRD, SEM-EDX,
FR-IR, and UV-Vis analytical techniques confirm
the good impregnation of AO in TO lattice. The
appearance of Ti, O, and Al surely indicates the
purity of the materials and presence of AO in TO
lattice. The obtained value of equilibrium constant for
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TAO-4-500 is 0.023. The evaluation of photocatalytic
properties of TAOs on methyl orange (MO) revealed
significant increase in efficiency with the decrease
in the percentage of AO impregnated into TO lattice.
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