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ABSTRACT

Conventional chemical, biological and adsorption treatments have been applied for the removal of
dyes from textile wastewater, but these processes are insufficient in removing dye contaminants.
Photocatalysis is greener approach for the degradation of harmful dye pollutant compounds completely.
In the present study, TiO, and Ni:TiO, nanoparticles were prepared and their photocatalytic activity
was measured against Eriochrome Black-T (EBT). The photodegradation of EBT was investigated in the
different conditions of concentration and pH in the presence of TiO, and Ni:TiO,. The photocatalysts
were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), energy-dispersive
X-ray spectroscopy, UV-Vis and Brunauer -Emmett -Teller. The XRD confirmed the presence of anatase
and rutile phase in the prepared photocatalysts. The Scherrer’s calculations are used to determine
the average particle size. The average particle size was found as 72 and 16 nm for TiO, and Ni:TiO,,
respectively. The SEM and transmission electron microscopy images also confirmed the formation of
nanoparticles in the range of ~100 nm. The band gap energy of TiO, and Ni:TiO, was calculated by talc
plot and obtained as 3.2 and 3.0 eV, respectively. The photocatalyst activity was measured by varying

pH and concentration of dye solution. Kinetics study was also performed in this investigation.
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1. Introduction

Nowadays water pollution has become a major threat to
living organism because large amount of hazardous indus-
trial wastes containing dyes, pigments, pharmaceutical prod-
ucts, industrial chemicals and various organic compounds
are dumped into water bodies, causing water pollution. Since
these wastes are stable to light, oxidizing agents and resis-
tant to aerobic digestion; therefore, pose serious ecological
problems [1-4]. Some investigations reported that approxi-
mately 12% of the synthetic textiles dyes use each year, such
as Caramine, Indigo Red, Red 120, Rhodamine B, Methylene
Blue and Eriochrome Black-T (EBT) [5-8], while 20% of
these dyes are lost during manufacturing and processing
operations, which enter into water through effluents. While
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conventionally chemical [9], biological [10] and adsorption
[11] treatments have been applied for the removal of dyes
from industrial wastewater but these processes are insuffi-
cient in removing dye contaminants [12-15].
Photodegradation is an advanced oxidation process
and it has lot of advantages over traditional wastewater
treatment techniques such as chemical oxidation [16], acti-
vated carbon adsorption [17], biological treatment [18], etc.
Activated carbon adsorption method involves the phase
transfer of pollutants without decomposition and thus
creates another pollution problem. Chemical oxidation
method is unable to remove all organic substances and it
is suitable for the removal of pollutants at high concentra-
tions. The biological treatments are very slow, dispose large
amount of sludge and required strict control of proper pH
and temperature [19]. In this regard, photocatalytic pro-
cesses have advantages for the removal of pollutants even at
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low concentration for industrial wastewater [20]. Moreover
in photooxidation, complete oxidation of organic pollutants
take place within few hours, even at parts per billion level,
without formation of secondary hazardous products using
highly active and cheap catalysts which can be used in spe-
cially designed reactor systems [21].

Titanium dioxide is a widely accepted photocatalyst
due to its high oxidation efficiency, non-toxicity, high
photostability, chemical inertness and environmentally
friendly nature [22-24]. It is a wide band gap (~3.2 eV)
semiconductor and mineralizes a large range of organic
pollutants such as herbicides, dyes, pesticides, phenolic
compounds, tetracycline, sulphamethazine, etc., under
UV irradiation [25]. In photocatalytic processes, the pho-
ton with energy equal to or greater than the energy gap
(3.2 eV) is absorbed by TiO, particles; therefore, holes (h*)
are created in the valence band (VB) and electrons (e7) in
the conduction band (CB), which diffuses to the surface of
TiO, and participates in redox reactions of the adsorbed
substrates [26].

TiO, is a large band gap semiconductor; therefore, it is
suitable in UV light photodegradation. Since the solar light
contains only 5% UV radiation; therefore, TiO, is not suitable
photocatalyst in solar light. Further electron hole recombi-
nation is another drawback in TiO, mediated photocatalysis.
The above drawbacks could be overcome at some extent by
doping metal ions in TiO, host [27-29]. In the present inves-
tigation, Ni*-doped TiO, has been performed in a green
synthetic manner and its photocatalysis activity has been
performed against EBT.

2. Experimental setup
2.1. Materials

The materials used in this study were purchased from
Merck, India. All chemicals used in this investigation namely
titanium tetrachloride, sodium hydroxide, ammonia, nitric
acid and EBT dye are analytical grade reagent and used as
supplied. Ethyl alcohol and deionized water were used as
solvents in this experiment.

2.2. Synthesis of TiO,

In this method, both TiCl, solution (200 g/L) and NaOH
solutions (64.5 g/L) were added dropwise to water with
stirring. When pH of resulting solution reaches to 7, slurry
was formed which was filtered. The filter cake of TiO, was
washed and redispersed in water to prepare 1 M of TiO,
slurry. TiO, slurry was added to an aqueous solution of
HNO, and resulting solution was refluxed for 2 h at 95°C,
cooled naturally to room temperature, neutralized with
28% of aqueous ammonia, filtered, washed with double dis-
tilled water and calcined at 400°C. The TiO, was formed as
follows [30]:

TiCl, +4NaOH + NH, — Ti(OH), +4NaCl 1)

Ti(OH), — TiO, +2H,0 )

2.3. Synthesis of Ni-doped TiO, (Ni:TiO,)

5 g of as-prepared TiO, was dissolve in 100 mL
water:alcohol (ratio 3:1 v/v) mixture. 5% alcoholic nickel ace-
tate solution was added dropwise to TiO, solution. The dis-
persion was agitated continuously for 4 h at 80°C. After the
treatment, the residue was removed by filtration and sintered
for 1 h in the presence of air at 400°C, keeping in a silica boat
inside muffle furnace. After sintering, slow annealing was
done at room temperature. Content was taken out from fur-
nace and stored in closed air tight bottles. The obtained yield
of prepared nanocomposites of TiO, and Ni:TiO, was <90% of
the expected theoretical yield [31].

TiO, (Soln) + Ni(CH,COO) (alc sol) - Ni:TiO, ®)

2.4. Characterization

X-ray diffraction (XRD) pattern of above synthesized
TiO, and Ni:TiO, was recorded on X-ray diffractometer
(Bruker AXS D8 Advance System, Germany). The particles
morphology of the photocatalysts were studied using scan-
ning electron microscope (SEM; JEOL JSMn 6490 LV). The
surface area and pore characteristics of the derived photo-
catalyst were determined by nitrogen adsorption/desorption
isotherms at 77 K (boiling point of nitrogen gas at 1 atm pres-
sure) using a Brunauer -Emmett -Teller (BET) surface area
analyzer (BELSORP-max, Japan). Since the absorption of
light by photocatalysts and their band gap average energy
are the most crucial step in any photocatalyzed reaction, the
UV-visible spectra of material were recorded on spectropho-
tometer (UV 2450, Shimadzu, Japan). The Fourier transform
infrared (FTIR) spectra of the pellets were recorded using
a FTIR spectrometer from Thermo Scientific, India (Nicole
6700). For FTIR study, the photocatalyst (2 mg) was mixed
with 200 mg of KBr and then made into pellets.

2.5. Photodegradation of EBT

The photocatalytic activity of as-prepared TiO, and
Ni:TiO, materials was evaluated by photodegradation of
EBT (structure shown in Fig. 1) under visible light which
is <420 nm using a filter (fluorescent visible lamp, 500 W,
Philips, Maharashtra, India) exposure in a photocatalytic
chamber. 200 mg photocatalyst was dispersed in 20 mL of
solution of EBT dye of different concentration (16.6 x 107,
20.0 x 1075, 25.0 x 10-° and 33.3 x 10-° M), in the dark condition
for 30 min in order to achieve the adsorption equilibrium.
The solution was irradiated continuously by visible light in
a photocatalytic chamber. During irradiation, solution was
agitated using a magnetic stirrer and air was bubbled into
the reaction medium to provide a constant supply of oxy-
gen. After desired time interval, an aliquot of solution was
isolated, centrifuged and its absorbance was measured using
UV-visible spectrophotometer to calculate the percentage
degradation. The photocatalytic degradation efficiency was
calculated using the following equation [32,33]:

(%)Degradation = A"A

x100 4)

0
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Fig. 1. Molecular structure of EBT.

where A the initial absorbance of the dye solution and A is
the absorbance after irradiation at particular time.

2.6. GC-MS analysis

In order to observe the products of photocatalytic exper-
iment gas chromatography—mass spectroscope (GC-MS)
analysis (Shimadzu, GC-2010 and GC-MS-QP 2010 plus,
using RTX-55il-MS column [30 m x 0.25 mm x 0.25 um]) was
carried out. In a typical experiment, 5 mL of EBT solution was
collected after 180 min of UV-light exposure in the presence
of catalyst. The solutions were centrifuged (5,000-8,000 rpm),
filtered through cellulose filter (0.22 pum) and extracted
in three successive quantities (5 mL) of ethyl acetate. The
ethyl acetate extract carry samples were passed through
sodium sulphate (anhydrous), evaporated to dryness over
rota-evaporator and their traces removed over gentle stream
of N, gas. Residue thus obtained redissolved in methanol (GC
grade) and analyzed. Helium was used as a carrier gas with
a flow of 1 mL/min through capillary column. Injector was
maintained at 240°C, while transfer line was kept at 260°C
and 1 pL of the sample was injected. Oven was programmed
at 60°C-300°C at 6°C/min rise of temperature [34].

3. Results and discussion
3.1. Powder X-ray diffraction analysis of TiO, and Ni:TiO,

The XRD pattern of as-prepared TiO, and Ni:TiO,
nanoparticles is depicted in Figs. 2(a) and (b). In the XRD pat-
tern of TiO,, the major peaks observed at 26 value 25.2°, 37.2°,
48.3° and 55.4° are corresponds to anatase phase whereas the
peaks at 26.9°, 28.2°, 42.6° and 54.2° indicate the presence of
rutile phase. In the XRD pattern of Ni:TiO,, intensity of peaks
decreased compared with TiO,. This is due to change in crys-
tallinity, grain fragmentization and partial amorphization.
The observed X-ray diffractogram of samples was analyzed
further to estimate average grain size in the sample using
Scherrer’s equation [35]:

K\
T= BcosO ©)

where T is the mean size of the ordered (crystalline) domains,
which may be smaller or equal to the grain size, K is a dimen-
sionless shape factor, with a value close to unity. The shape
factor has a typical value of about 0.9, but varies with the
actual shape of the crystallite, A is the X-ray wavelength, 3 is
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Fig. 2. Observed XRD pattern of: (a) TiO, and (b) Ni:TiO,.

the line broadening at half the maximum intensity (full width
at half maximum), (in radians) and 0 is the Bragg angle. The
particle size of TiO, and Ni:TiO, was calculated as 72 and
16 nm, respectively, using above equation.

3.2. Scanning electron microscope

The morphology of the samples was investigated by
scanning electron microscopy analysis. Fig. 3 clearly shows
that both the prepared samples are obtained as agglomerate
in nanometric dimension. The doping of Ni* ion indicates
that the particle size reduces due to the penetration of nickel
in the lattice of titanium dioxide.

3.3. Transmission electron microscopy

Transmission electron microscopy (TEM) analysis of
materials was used to examine the crystallite/particle size
morphology. The prepared TiO, powders consist of both
spherical and semispherical shape, on the contrary, the parti-
cles of Ni:TiO, have mostly spherical morphology.

It can be estimated that the particle size of TiO, and
Ni:TiO, powders in Figs. 4(a) and (b) are in the nanoscale
with the grain size <100 nm.

3.4. Surface area analysis (BET)

The specific surface area, pore volume and average pore
size of the TiO, and Ni:TiO, photocatalyst were determined
by N, adsorption technique using BET. Fig. 5(a) shows adsorp-
tions” desorption and Fig. 5(b) Barrett -Joyner -Halenda (BJH)
plot and Table 1 summarizes their physical properties. The TiO,
modified by Ni*" incorporation during thermal treatment, lead
to a marked increase of the BET surface areas, average pore
radius and pore volume. Doping with 5% Ni, the crystallite
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Fig. 4. Observed TEM pattern of: (a) TiO, and (b) Ni:TiO,.

size was decreased and the surface area value increased. These
results suggest that Ni doping effectively inhibits TiO, grain
growth probably by staying at grain boundaries thereby
decreasing the crystallite size and increasing the surface area.
The decrease in grain growth can also be attributed to the for-
mation of Ni-O-Ti bonds in the doped powders, which inhib-
its the growth of the TiO, crystals.

3.5. UV-Vis spectra

Aqueous suspensions of the samples were used for the UV
absorption studies. The UV -Vis spectra are shown in Figs. 6(a)
and (b). The absorption spectrum of TiO, consists of a single
broad intense absorption between 250 and 300 nm due to the
charge transfer from the VB to the CB [36]. The undoped TiO,
showed absorbance in the shorter wavelength region while
Ni:TiO, result showed slight red shift in the absorption edge.

The doping of Niions into TiO, could shift optical absorp-
tion edge from UV to visible range, but no prominent change
in TiO, band gap was observed [37,38].

3.6. Band gap energy determination

The band gap of samples was calculated by extrapolation
of the (ahv)? vs. hv plots, where a is the absorption coefficient

Table 1
BET data of TiO, and Ni:TiO,

Sample Surface area  Pore volume  Pore radius
(m?/g) (cm’/g) (nm)

TiO, 2.1522 10.132x10°  1.21
Ni:TiO, 46.685 9.5124x102  1.64
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Fig. 5. (a) Adsorption-desorption plot of Ni:TiO, and (b) BJH
plot of Ni:TiO,.

and hv is the photon energy, hv = (1,239/A) eV. The value of hv
extrapolated to a =0 gives an absorption energy, which corre-
sponds to a band gap (E). Figs. 7(a) and (b) yield an E, value
of 3.2 eV for TiO, and 3.0 for Ni:TiO, [39]. The slight decrease
in band gap energy in case of Ni:TiO, is due to the formation
of sub-band level between VB and CB caused doping of Ni*"
in TiO, host.

3.7. FTIR spectroscopy

FTIR spectra of undoped and 5% Ni-doped TiO, samples
(Fig. 8) show peaks corresponding to stretching vibrations of
the O-H and bending vibrations of the adsorbed water mol-
ecules around 3,350-3,450 and 1,620-1,635 cm™, respectively.
The broad intense band below 820, 804, 592 and 456 cm™
is due to Ti-O-Ti vibrations. The shift to the higher wave
numbers and sharpening of the Ti-O-Ti band may be due to
decrease in size of the catalyst nanoparticles. In addition, the
surface hydroxyl groups in TiO, increased with the increas-
ing of Ni loading, which is confirmed by increase in inten-
sity of the corresponding peaks. The FTIR spectra of Ni:TiO,
show strong band at 1,075 cm™, corresponds to the vibra-
tion of Ni-O bond and confirms the penetration of nickel in
titania [40].
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4. Photodegradation of EBT

The photocatalytic degradation of EBT has been studied
in the presence of TiO, and Ni:TiO, nanoparticles. Different
concentration solutions of dye were prepared in 3:2 (v/v) ratio
of water and alcohol. The known amount of photocatalyst
0.2 g was dispersed in the 20 mL dye solution and the reaction
mixture was irradiated with visible light with constant stirring
on magnetic stirrer. After different time interval, an aliquot
of solution was separated, centrifuged and absorption was
recorded spectrophotometrically. The results obtained for the
degradation of EBT are shown in Fig. 9. As obvious from the
graph, the percentage removal of dye decreases with increase
in concentration. Further, the photocatalytic efficiency of TiO,
increases by doping Ni* ion in TiO, host. The photodegrada-
tion efficiency of Ni:TiO, is greater than bare TiO, [41,42].

4.1. Effect of dye concentration

The effect of dye concentration on photocatalytic deg-
radation was studied in the presence of TiO, and Ni:TiO,
materials, keeping the amount of catalyst constant. Known
concentration of dye solution was prepared in water:alcohol
(3:2, v/v) ratio. The known amount of photocatalyst (0.2 g)
was dispersed in the different concentration of dye (33.3 x 107,
25.0 x 107%,20.0 x 105 and 16.6 x 10-° M) and reaction mixtures
were irradiated by visible light. The effect of photocatalytic
degradation with time was measured and result is shown
in Fig. 9. When the concentration of solution increased, the
number of dye molecule also increased, therefore, the effec-
tive number of photon penetrating the dye reached at the cat-
alyst surface also reduced, owing to hindrance in the path of
light, thereby reducing the reactive hydroxyl and superoxide
radicals and decreasing the percentage degradation [43].

4.2. Effect of pH

The photodegradation reaction was also carried out under
varying pH conditions from 2 to 9, by addition of H,SO, and
NaOH, keeping other parameters same. The results (Fig. 10)
show that degradation of dye is highest in acidic medium (at
pH = 2) while it decrease with increase in pH and ultimately
becomes constant after pH 7. This implies that acidic condi-
tion is favourable for formation of the reactive intermediate
hydroxyl radicals. This further helps in enhancing the reac-
tion rate. On the other hand in neutral condition the forma-
tion of reactive intermediate is relatively less favourable and
hence not feasible [44].

4.3. Effect of photocatalyst

It is clear from the results shown in Figs. 9 and 10
that both TiO, and Ni:TiO, are effective photocatalyst for
degradation of EBT dye, however, Ni:TiO, seems to be more
effective photocatalyst for degradation of EBT.

4.4. Effect of dose of photocatalyst on photodegradation of EBT

The effect of photocatalyst dose on the photodegrada-
tion of EBT was studied by applying the different concen-
trations (200, 100 and 50 mg/L) of the photocatalyst shown
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Fig. 6. UV spectra of: (a) TiO, and (b) Ni:TiO,.
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Fig. 7. Band gap energy of: (a) TiO, and (b) Ni:TiO,.

in Fig. 11. The degradation rate of EBT was found to increase
by increasing the dose of photocatalyst from 50 to 200 mg/L.
This is due to increase in the active site on the surface of the
photocatalyst. When the Ni is incorporated in TiO,, the band
gap energy is decreased which enhanced the photoefficiency,
the surface area of photocatalyst also increased the efficiency
of photocatalyst.
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4.5. Recyclability of photocatalyst

The photocatalyst and EBT mixture were agitated,
illuminated with visible light and after desired time, the
mixture was centrifuge to remove the photocatalyst. The
obtained photocatalyst was washed three times with distilled
water and kept in oven for 24 h at 60°C and reused for the
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degradation of EBT. The photodegradation of EBT by the
recyclized photocatalyst are showing in Figs. 12(a) and (b).
The result shows that the recyclized photocatalyst efficiency
is decreased probably due to the loss of some active sites and
decrease of collection efficiency of photon.
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4.6. GC-MS of EBT photodegradation products

The photodegradation of the EBT takes place by irra-
diating under visible light in the presence of bare TiO, and
Ni-doped titania nanocomposite. The photodegraded prod-
ucts of photodegradation of EBT have been determined by
GC-MS analysis (Figs. 13 and 15). It has been found that MS
chromatograph (Figs. 14 and 16) and correspondingly mass
chromatographs of EBT (after 2 h of irradiation) in the pres-
ence of bare TiO, and Ni:TiO, are almost similar, except in
their respective intensities. Among the number of degraded
products of EBT, seven products formed in the photodeg-
radation, shown in mass chromatograph (Figs. 14 and 16)
have been identified, as listed in Table 2. The mechanism for
the photodegradation of EBT using titania nanocomposites
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photodegradation with time and (b) photodegradation at differ-
ent pH.
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is believed to take place by the photo produced e~ and h*
that results into formation of highly oxidative species such
as hydroxyl and superoxide radicals, which on reaction
with EBT results into its decomposition to smaller mole-
cules [45].

4.7. Lowering of electron—hole recombination

Photoluminescence spectra have been used to examine
the mobility of the charge carriers to the surface as well as the
recombination process involved by the electron-hole pairs
in semiconductor particles. Photo lumiscence (PL) emission
results from the radiative recombination of excited electrons
and holes. In other words, it is a critical necessity of a good
photocatalyst to have minimum electron-hole recombina-
tion. To study the recombination of charge carriers, PL studies
of synthesized materials have been undertaken. PL emission
intensity is directly related to recombination of excited elec-
trons and holes. Fig. 17 shows the photoluminescence spectra
of synthesized photocatalysts. In the PL spectra, the intensity
of TiO, is higher than Ni:TiO, indicating rate of recombina-
tion of e—h" is higher in TiO, than that of Ni:TiO,. The weak
PL intensity of Ni:TiO, may arise due to the impregnation
of Ni in titania lattice, which for sub-band level in band gap
region of TiO,. This delays the electrons-holes recombination
process and hence utilized in the redox, reaction leading to
improved photocatalytic activity [46].

4.8. Hydroxyl radical formation

Ashydroxyl radical performs the key role for the decom-
position of the organic pollutants, it is necessary to inves-
tigate the amount of hydroxyl radicals produced by each
photocatalyst. In this study, terephthalic acid (TA) has been
used as a probe reagent to evaluate *OH radical present in
the photoreaction pathway. Fig. 18 shows the PL spectra of
TiO, and Ni:TiO, recorded EBT solution in the presence of
107 M terephthalic solution. OH radical attack terephthalic,
forming 2-hydroxyl terephthalic acid (TAOH) which gives
a fluorescence signal at 426 nm [47]. The fluorescent inten-
sity is linearly related to the number of hydroxyl radicals
formed by the photocatalysts. Higher the generation of
hydroxyl radical, more will be yield of TAOH and hence
more intense will be the fluorescence peak. The spectra
show that the intensity of peak indicating in the presence
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%10 & +ESI TIC Scan Frag=80.0v MS-A1.d
1

01 02 03 04 05 06 07 0809 1 11 12 13 14 15 16 17 18 19 2
Counts vs. Acquisition Time (min)

Fig. 13. GC chromatogram of EBT in presence of titania.
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Fig. 16. Mass spectra of EBT photodegradation in presence of Ni:TiO,.

of Ni:TiO, higher generation of more number of hydroxyl
radicals compared with TiO,.

5. Mechanism of photooxidation process

The acceleration of a chemical transformation by light in
the presence of a catalyst is called photocatalysis. The cat-
alyst may accelerate the photoreaction by interaction with
the substrate in its ground or excited state and/or with a
primary photoproduct, depending upon the mechanism of
the photoreaction remaining unaltered at the end of each

catalytic cycle. Heterogeneous photocatalysis is a process
in which two active phases, solid and liquid are present.
The solid phase is a catalyst, usually a semiconductor. The
molecular orbital of semiconductors has a band structure.
The bands of interest in photocatalysis are the populated VB
and it is largely vacant CB, which is commonly character-
ized by band gap energy (Epp)- The semiconductors may be
photoexcited to form electron-donor sites (reducing sites)
and electron-acceptor sites (oxidising sites), providing great
scope for redox reaction [48]. When the semiconductor is
illuminated with light (hv) of greater energy than that of the
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Table 2
Intermediate photoproducts formed during Eriochrome Black-T
degradation by Ni:TiO, after 2 h visible light irradiation

S.No. IUPAC name of compound MS (m/z)

1 3-Hydroxy-7-nitroso-1,8 adihy- 272
dronaphthalene-1-sulfonoperoxoic acid

2 2-(6-(Hydroxymethyl)-4-nitrocyclo- 197
hexa-2,4-dienylidene)ethanol

3 2-Hydrazinylnaphthalen-1-ol 175

4 2-Diazenylnaphthalen-1-ol 155

5 4-Formylbenzonitrile 131

6 1-Ethynylbenzene 102

7 Methyl formate 60

OH \0
omt—s e
NH
O 3 o~
NH, ‘ Methyl Formate 60

4-formylbenzonitrile, 131 o OH

AN
A
OH

(2)-2-(6-(hydroxymethyl)-4-nitro
cyclohexa-2,4-dienylidene)ethanol

3-hydroxy-7-nitroso-1.8 a dihydro
\ naphthalene-1-sulfonoperoxoic o
= acid, 272

-0

1-ethynylbenzene, 102

0,

2-hydrazinylnaphthalen-
1-0l, 175

—(a)
—(b)

5
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PL Intens
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Fig. 17. Photolumiscence spectra of: (a) TiO, and (b) Ni:TiO,

band gap, an electron is promoted from the VB to the CB
leaving a positive hole (h*) in the VB and an electron (e7) in
the CB as illustrated in Fig. 19.

If charge separation is maintained, the electron and hole
may migrate to the catalyst surface where they participate in
redox reactions with sorbed species. Specially, h* | may react
with surface-bound H,O or OH" to produce the hydroxyl
radical and e, is picked up by oxygen to generate super-
oxide radical anion (O,"), as indicated in the following Egs.
(6)-(8).

Absorption of efficient photons by titania (hv > Ebg =
3.2eV):

TiO, +hv —»e, +h" (6)

A. Kumar, G. Pandey / Desalination and Water Treatment 71 (2017) 406419

250+ _(a)
200 —(b)
=
@ 1501
]
= 1004
-
a
504

350 375 400 425 450 475 500
Wavelength (nm)

Fig. 18. PL spectra of photocatalyzed EBT solution in the pres-
ence of terephthalic acid (0.001 M) (a) TiO, and (b) Ni:TiO,.
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Fig. 19. Mechanism of photodegradation of titania and formation
of free radical.

Formation of superoxide radical anion:

0O, +e, =0, (7)

Neutralization of OH- group into OH by the hole:
(HO<H +0OH ) +h", - ‘OH+H" 8)

It has been suggested that the hydroxyl radical (*OH)
and superoxide radical anions (O,") are the primary oxidiz-
ing species in the photocatalytic oxidation processes. These
oxidative reactions would result in the degradation of the
pollutants as shown in the following Egs. (9) and (10).

Oxidation of the organic pollutants via successive attack
by OH radicals:

R+"OH—-R*+H,0 )
or by direct reaction with holes:
R+h" - R" — degradation products (10)
For oxidation reactions to occur, the VB must have a
higher oxidation potential than the material under consider-

ation. The redox potential of the VB and the CB for different
semiconductors varies between +4.0 and -1.5 V vs. normal
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hydrogen electrode, respectively. The VB and CB energies
of the TiO, are estimated to be +3.1 and 0.1 V, respectively,
which means that its band gap energy is 3.2 eV, and there-
fore, absorbs in the near UV light (A <387 nm). Many organic
compounds have a potential above that of the TiO, VB, and
therefore, can be oxidized. In contrast, fewer organic com-
pounds can be reduced since a smaller number of them have
a potential below that of the TiO, CB.

6. Adsorption study

The degradation of EBT under visible light irradiation in
the presence of TiO, and Ni:TiO, nanoparticles is an exam-
ple of heterogeneous catalysis. Rate laws in such reactions
seldom follow proper law model and hence are inherently
more difficult to formulate from the data. It has been widely
accepted that heterogeneous catalytic reactions can be ana-
lyzed with the help of Langmuir-Hinshelwood (LH) model
[49,50], satisfying, the following assumptions: (i) there are
limited number of adsorption sites on the catalyst and its sur-
face is homogeneous, (ii) only one molecule can be adsorbed
on one site and monolayer formation occurs, (iii) the absorp-
tion reaction is reversible in nature and (iv) the adsorbed
molecules do not react amongst themselves [51]. According
to LH model, following three steps take place in the kinetics
mechanism [52], these steps are of adsorption, surface reac-
tion and desorption of products from the surface.

Step 1: D (dye) + C (catalyst) — D-C (adsorption)
Step 2: D-C — E-C + other products (surface reaction)
Step 3: E-C — E + C (desorption)

The Freundlich isotherm [53] is employed, assuming
a heterogeneous surface with a non-uniform distribution
of heat of adsorption over the surface and it may be writ-
ten as:

1
q, =K.C;

(11
The above equation can be linearized as:
1
Ing, =InK, +—InC, 12)
n

where g, (mg/g) is the amount of solute adsorbed per unit
weight of adsorbent, C, (mg/L) is the equilibrium concentra-
tion of solute, K, (mg/g) is the Freundlich constant (which
indicates the relative adsorption capacity of the adsorbent)
and 1/n is the constant which indicates the intensity of
adsorption. Since the TiO, is covered by both EBT as well as
water molecules (C__ ) by hydrogen bonding, their competi-
tion for the active sites cannot be ignored.

Langmuir adsorption model [54] can be applied to the
aqueous solutions of dyes with the help of the following
expression:

_ 4 K.C
G 1+KC+K_, +C

water water

q (13)
where g is the fractional sites covered by the dye, g, is the
absorbed quantity of dye at any time, g, shows the maxi-
mum quantity of dye that can be adsorbed, K, is the Langmuir

adsorption constant for reactant and K__  is the adsorption
constant for water. The value of C__ >>C, hence C_  remains
almost same throughout the reaction and the catalyst cover-
age by water molecules remains almost constant. Thus, we can
ignore the quantity K, C__ and rewrite Eq. (13) as:

water’ " water

_ K.C
i 1+K,C

(14)

The quantity adsorbed at a particular time can also be
expressed as:

t= (Reactor Volume) x (Change in concentration)

(15)
Mass of catalyst

The equilibrium adsorption quantity g, can be written as:

_a [ KE
e = Dmax 1+ KLce

where C, is the equilibrium concentration of the EBT. On
transforming Eq. (16), a function can be derived as follows:

(16)

L1 & (17)
e Kl T
The intercept on the vertical axis gives 1/K g, and the

reciprocal of slope gives q__ .

Fig. 20 indicates that the adsorption of EBT dye on the
surface of Ni:TiO, follows the non-linear Freundlich adsorp-
tion isotherm. The Freundlich isotherm non-linear regression
coefficient value was found to be 0.96 and Langmuir non-lin-
ear regression coefficient value was found to be 0.91 shown
in Table 3. Therefore, the adsorption of dye EBT follows the
Freundlich isotherm.

7. Kinetic study of photocatalytic degradation

For kinetic study of photocatalytic degradation, a con-
trol experiment was first carried out under two conditions
namely (i) dye + visible light (no catalyst) and (ii) catalyst +
dye in dark without any irradiation (Fig. 21). It can be seen
that under dark conditions, the amount of catalyst adsorbed

32
= Experimental data

Langmuir "
R [— Freundlich Lz

28
?26—
2 244

22

20

Ce (mg/L)

Fig. 20. Langmuir and Freundlich adsorption isotherm with
experimental data for the EBT dye adsorption on Ni:TiO,.
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becomes constant after 20 min, where adsorption equilib-
rium is achieved (shown in Fig. 22). For kinetic study of
bleaching of EBT, the initial concentration of the dyes was
varied and the experiments were first conducted in dark
for 20 min and then immediately followed by irradiation
(Fig. 21). The amount of catalyst was kept constant (0.2 g)
throughout the experiment.

Applying the LH model for determining the oxidation
rate of the photocatalysis of dye:

kK
Rate(r)?@:ke:ez A€
dt 1+K,C

(18)

—u— Visible light
—o— Dark Ni:TiO

—4—Dark TiO,

1

40 60 8 100 120

Time (min)

0 20

Fig. 21. Change in concentration under dark with TiO,, Ni:TiO,
and in visible light.
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Fig. 22. Percentage adsorption under dark condition: (a) TiO,
and (b) Ni:TiO,.
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where k is the rate constant (mg/L min™), C is the concentra-
tion of dye, K, is the adsorption constant of the dye (L/mg)
and ¢ is the illumination time (min).

During the course of reaction, the initial pH, amount of
catalyst and photointensity were kept same. In addition to
it, the formation of intermediates may interfere in the rate
determination; hence, the calculation was done at the begin-
ning of irradiation. The rate expression can be written as:

(19)

where r is the initial rate of degradation of EBT and C, is the
initial concentration (almost equal to C_ ). When the initial
concentration C,_.. is very small, C_ will also be small and

initial

Eq. (19) can be simplified as an first-order equation [55-58]:

_InC,

e ke

E‘ A0 :kKAt

(20)

C=C,e 1 1)

where k photo = kK .

The value of kj photo can be determined from the plot of
InC/C, vs. t (Fig. 17). The slope of the straight line is the value
of first-order rate constant (shown in Fig. 23) [59]. The value
of apparent rate constant at various initial concentrations of
dye solution for photocatalysis reaction in the presence of
TiO, and Ni:TiO, are shown in Tables 4 and 5.

0.0 (a)
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021
$ 0.3
2 04] « 333x10°°M
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Time (min)
Fig. 23. Linear first-order reaction of Langmuir-Hinshelwood

kinetics of EBT dye vs. time: (a) TiO, and (b) Ni:TiO, (initial con-
centration were 33.3, 25, 20, 16.6 x 10° M).
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Table 3
Adsorption parameters of EBT adsorption

Adsorption equation Isotherm parameter  R* (non-linear)

Freundlich K, 8.457 0.96
1/n 0.432
Langmuir K, 0.116 091
. 43.62
Table 4

Value of apparent rate constant at various initial concentrations
of dye solution for photocatalysis reaction in the presence of TiO,

Concentration (M)  k (min™) R?

33.3x10° -0.00342 0.96852

25.0 x10° -0.00304 0.98338

20.0 x 10° -0.00308 0.99412

16.6 x 10° -0.00315 0.96074
Table 5

Value of apparent rate constant at various initial concentrations
of dye solution for photocatalysis reaction in the presence of Ni:-
TiO

2

Concentration (M)  k (min™) R?

33.3x10° -0.004537 0.93066
25.0x10° -0.003821 0.99589
20.0 x 10°° -0.004843 0.98083
16.6 x 10° -0.006393 0.99086

The rate constant values for the photocatalytic degrada-
tion of EBT follow the first-order kinetic for the both photo-
catalyst. In case of TiO,, the regression (R?) coefficient values
show large variation, and optimum value was obtained at
20.0 x 10° M concentration of dye, and in the case of Ni:TiO,,
the regression (R?) coefficient values did not show variation
whose optimum value was obtained at 25.0 x 10° M concen-
tration of dye. This confirms that photocatalytic degradation
of EBT follows first-order kinetic in the presence of TiO, and
Ni:TiO,.

8. Conclusion

In the present investigation, TiO, and Ni:TiO, nanoparticles
were prepared and their photocatalytic degradation capacity
was measured against of EBT under visible light irradiation.
Prepared TiO, and Ni:TiO, nanoparticles were analyzed by
XRD, SEM, TEM, UV-Vis, FTIR, BET and band gap energy. In
the XRD pattern of TiO, and Ni:TiO, nanoparticles, both ana-
tase and rutile phases were present. The particle size of TiO,
and Ni:TiO, was calculated as 72 and 16 nm, respectively,
using Scherrer’s equation. SEM and TEM images of TiO, and
Ni:TiO, nanoparticles were found as agglomerate in nanomet-
ric dimension. The doping of Ni* indicates that the particle
size reduces due to the penetration of nickel in the lattice of
TiO,. Doping with 5% Ni, the crystallite size was decreased
and the surface area value increased. These results suggest

that Ni doping effectively inhibits TiO, grain growth probably
by staying at grain boundaries thereby decreasing the crys-
tallite size and increasing the surface area. The undoped TiO,
showed absorbance in the shorter wavelength region while
Ni:TiO, results showed slight red shift in the absorption edge.
The band gap energy E_ value of TiO, and Ni:TiO, was found
to be 3.2 and 3.0 eV, respectlvely The slight decrease in band
gap energy in case of Ni:TiO, is due to the formation of sub-
band level between VB and CB due to doping of Ni** in TiO,
host. The broad intense band below 820, 804, 592 and 456 cm™
is due to Ti—O-Ti vibrations and Ni:TiO, shows strong band at
1,075 em™, corresponds to the vibration of Ni-O bond and con-
firms the penetration of nickel in titania. The photodegradation
of EBT was investigated at different condition of concentra-
tion and pH in the presence of TiO, and Ni:TiO,. The effective
photodegradation of EBT was found better in the presence of
Ni:TiO, than the pure TiO,. *OH radicals mediated photocat-
alytic degradation of EBT was proved by GC-MS. Since TA is
readily converted to TAOH in the presence of *OH radical, the
photolumiscence spectra of photodegraded EBT with TA shows
higher photolumiscence peak correspond to TA in the presence
of Ni:TiO, than TiO,. Photodegradation of EBT is following the
pseudo-first-order kinetics. Complete degradation of EBT was
more prominent in 180 min, in the presence of Ni:TiO, while it
was 90% in the presence of TiO, in same condition.
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