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Abstract. NanoTiO, was synthesized by ultrasonication assisted sol-gel process and subjected to iron
doping and carbon-iron codoping. The synthesized catalysts were characterized by XRD, HR-SEM, EDX,
UV-Vis absorption spectroscopy and BET specific surface area analysis. The average crystallite size of pure
TiO, was in the range of 30 - 33 nm, and that of Fe-TiO, and C-Fe TiO, was in the range of 7 - 13 nm
respectively. The specific surface area of the iron doped and carbon-iron codoped nanoparticles was around
105 m*/g and 91 m%g respectively. The coupled semiconductor photo-Fenton’s activity of the synthesized
catalysts was evaluated by the degradation of a cationic dye (C.I. Basic blue 9) and an anionic dye (C.I. Acid
orange 52) with concurrent investigation on the operating variables such as pH, catalyst dosage, oxidant
concentration and initial pollutant concentration. The most efficient C-Fe codoped catalyst was found to
effectively destruct synthetic dyes and potentially treat real textile effluent achieving 93.4% of COD removal
under minimal solar intensity (35-40 kiloLUX). This reveals the practical applicability of the process for the
treatment of real wastewater in both high and low insolation regimes.

Keywords: TiO, nanoparticles; carbon-iron codoping; dyes; textile effluent; solar photocatalysis; low
insolation

1. Introduction

Textile industries have been the foremost contributor towards world’s economy in the past
decades. But in the recent years, textile industries are also recognized as a major source of
pollution, as the untreated dyes released into the textile effluent form potentially carcinogenic
amines putting forward a serious threat to the environment (Lucas and Peres 2006, Konecoglu et
al. 2015). The limitations associated with the conventional treatment technologies viz., toxicity in
chlorination; high energy and capital cost in ozonation, electrochemical oxidation and sonication
impair their application in the effective treatment of textile wastewater. Hence, there is a necessity
to develop a cleaner, greener and cost-effective technology for the destruction of dye pollutants. In
this sense, TiO, photocatalysis has attracted a great deal of attention in destructing variety of dyes,
and titania nanoparticles have received a chief-most primacy due to the large fraction of surface
atoms (Avisar et al. 2001, Kamat and Dan 2002).

On the other hand, in lieu of the superior efficiency, the drawback associated with TiO,
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Graphical representation of the current study

photocatalylsis is that the photoreactions on the most active form of TiO, could only be induced by
ultraviolet (UV) light sources, intensifying the current energy demand. One of the possible
solutions to this energy challenge with simultaneous destruction of dye pollutants is to make
efficient use of natural solar energy by a robust technology. Metal/non-metal doping is one such
technology which is believed to enhance the photoactivity of TiO,under natural sunlight (Murray
et al. 2000). Codoped titania with metal-nonmetal elements has attracted more attention since the
detrimental recombination effect associated with monodoping could be passivated by co-doping
(Li et al. 2010, Hussain and Siddiqa 2011, Kavitha et al. 2013). Very recently, heterogeneous
Fenton’s system coupled with doped/codopedTiO, photocatalysis is also identified to remarkably
degrade refractory dye pollutants without generating sludge as witnessed in conventional
homogeneous Fenton’s treatment systems (Oliveria et al. 2007, Navalon et al. 2010, Zhao et al.
2010, Hamadanian et al. 2011).

In our earlier works, carbon doped titania nanoparticles (Jeevitha Raji and Palanivelu 2011) and
iron doped titania fibers (Jeevitha Raji et al. 2013) were prepared and their photocatalytic
performance was evaluated. The present work is emphasized on i) doping and co-doping of
pristine TiO, nanoparticles with iron and carbon-iron ii) evaluation of the semiconductor coupled
photo-Fenton’s activity of doped and codoped titania in the degradation of basic blue 9 (BB) and
acid orange 52 (AO) under natural sunlight iii) Applying the optimized conditions in the treatment
of real textile effluent.

2. Materials and methods

2.1 Materials
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All chemicals used in the present study were of analytical grade. Titanium (IV) propoxide
(Sigma Aldrich), isopropyl alcohol (Samchun Chemical), coconut oil (Parachute Pure), ferrous
sulphate heptahydrate (Samchun Chemical), basic blue 9 (Merck) and acid orange 52 (Merck)
were used as received from the suppliers without further purification. All reagents and solutions
were prepared using double distilled water.

2.2 Synthesis of pristine, iron doped and carbon-iron codoped TiO, nanoparticles

Pristine TiO, was prepared by ultrasonication assisted sol-gel process with titanium
isopropoxide as the titania precursor and designated as Pure-TiO,NP (Jeevitha Raji and Palanivelu
2011). Pure-TiO,NP was subjected to iron doping by wet impregnation method in a series of
ferrous sulphate solutions containing 0.2 wt%, 0.5 wt%, 1.0 wt%, and 2.0 wt% of Fe?" ion. The
resulting iron doped catalysts were then designated as, “Feo,TiO,NP, FeysTiO,NP, Fe; (TiO,NP
and Fe, ¢\ TiO,NP” respectively.

In the C-Fe co-doping process, Pure-TiO,NP was first subjected to carbon doping process with
coconut oil as carbon precursor (Jeevitha Raji and Palanivelu 2011), where the coconut oil to
titania ratio was varied as 2.0 wt% and 4.0 wt%. It was then subjected to co-doping with iron by
wet impregnation method, in which the proportion of iron was varied as 1.0 wt% and 2.0 wt%. The
resulting carbon-iron codoped catalysts were designated as C,oFe;(TiO,NP, C,(Fe;(TiO,NP,
C4oFe; oTiIO,NP and CyFe, 0TiO,NP respectively.

2.3 Catalyst characterization

The crystal phase and crystalline nature of the catalysts were determined by powder X-ray
diffraction patterns. ET 816 X-ray diffractometer was used to obtain high angle Powder X-ray
diffraction patterns (26=10.000 to 70.000) using Cu Ka radiation (1=1.5405 A) with scintillation
counter as detector. The surface morphology of the synthesized catalysts was characterized by
High Resolution Scanning Electron Microscope using Hitachi S-3400 N with gold coating. In
order to estimate the quantity of iron doped in TiO,, EDX analysis was performed using Energy
Dispersive X-ray spectrometer (Hitachi S-3400 N). The visible light absorption characteristics of
the catalysts were investigated by UV-Vis spectrophotomer (Cary 5E). The specific surface area
was determined by BET surface area analysis (Micrometrics ASAP2020) with N, physisorption.

2.4 Coupled semiconductor photo-Fenton’s experiments

The photochemical experiments were carried out in 600 mL capacity glass cylindrical cells
with 200 mL of working solution containing 0.1 g of catalyst and 10 ppm of BB/AO dye. The
diameter and length of the glass reactor was 10 cm and 12.5 cm respectively; and the length of the
reactant suspension was 3.5 cm respectively. The pH adjustments of the dye solutions were carried
out by the addition of diluted NaOH/H,SO, and all the reactant suspensions were first subjected to
dark adsorption for 30 min to attain the adsorption equilibrium. After adsorption, hydrogen
peroxide (29.7 mmol/L) was added and the reactant suspensions were immediately subjected to
daylight solar irradiation between 10:00 A.M. to 2:00 P.M., when the intensity of sunlight was
between 90 kilo LUX and 35 kilo LUX, measured using LUX meter (Model: TES 1332).

Textile wastewater (exhausted dye bath effluent) was collected from a small scale fabric dyeing
industry located at Erode district of Tamil Nadu, India. The major dyes used for the fabric dyeing
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were Yellow 186, Red 23 and Blue 21. The collected wastewater was screened to remove floatable
solids, sand filtered to remove suspended solids and subjected to semiconductor coupled photo-
Fenton’s process.

During adsorption and irradiation, the dye decolorization was studied by collecting the aliquots,
centrifuging and measuring the absorbance of supernatant at the 4 max of the dye (BB dye: 668 nm
from pH 3 to pH 9; AO dye: 506 nm below pH 4 and 468 nm from pH 4 to pH 9) using a
spectrophotometer (Model: Systronics Visiscan 167). Degradation of dyes was determined by
Chemical Oxygen Demand (COD) following open reflux dichromate titrimetric method as
described in Standard Methods (APHA 2005). Mineralization studies were accomplished by
analysing Total Organic Carbon (TOC) using TOC analyser (Analytikjena, Germany multi N/C
21008S).
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Fig. 1 X-ray diffraction patterns of (a) Pure TiO, NP (b) Fe(,TiO,NP (c) Fe(sTiO,NP (d) Fe, (TiO,NP (e)
FeonTiOZNP (f) ConFeleTi02NP (g)CZAoFezA()TiOZNP (h) C4A0F61A0Ti02NP (1) C4A0F62A0Ti02NP
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3. Results and discussion
3.1 Crystal characterization

Powder X-ray diffraction patterns of the pristine, iron doped and carbon-iron codoped TiO,
catalysts are presented in Fig. 1. For all the catalysts, the peaks corresponding to anatase phase
were entirely observed at the 20 values of 25°, 37°, 48°, 55° and 62° revealing the predominant
presence of anatase phase (Korosi ef al. 2007), which might be attributed to the low temperature
calcination of TiO, (at 145°C to 150°C). Using Scherrer’s formula (Eq. (1)), the average particle
size of the catalysts was calculated accounting the FWHM of high intense anatase peak (Zhao et
al. 2010, Jongsomjit et al. 2005, McEvoy et al. 2013)

kA

DCEITC[’: 1
s = (1)

where,

K=0.9 a shape factor for spherical particles

A=the wavelength of the incident radiation (1=0.154 nm)

0=half of the diffraction angle (deg)

p=B - b the line broadening (rad). B is the full width at half maximum (FWHM) of the
measured diffraction peak and b is the instrumental broadening

The average crystallite size of pure titania was found to be in the range of 30-33 nm and that of
Fe-TiO, nanoparticles was in the range of 7-12 nm showing a significant influence on the particle
size of pure TiO, after iron doping. The average particle size of C-Fe nanoparticles was found to
be in the range of 7-13 nm which was similar to that of Fe-TiO, nanopartilces.

From Spurr formula (Eq. (2)), the sample ‘C,(Fe,(TiO,NP’ was found to be composed of a
suitable fraction of 66% anatase and 34% rutile phases respectively

1

- 2)
1 +08(,/1,)

R

where, 1, and Ig=Integrated peak intensities of anatase and rutile peaks respectively.
3.2 Morphological characterization

The SEM micrographs of the pure, doped and codoped catalysts are shown in Fig. 2

From the SEM micrographs, all the iron doped titania catalysts were found to exist as distinct
particles and the degree of agglomeration decreased as the amount of iron increased.

It could be noticed that unlike in the SEM micrographs of pure and iron doped catalysts, the
micrographs of the codoped catalysts were found to contain fine dispersed particles on the surface
with increase in the amount of iron, which may represent the particles of iron oxide.

3.3 Compositional analysis
To estimate the amount of iron accounting for photo-Fenton’s activity, the concentration of Fe

on the surface of Fe-TiO, and C-Fe TiO, nanoparticles was measured by EDX analysis shown in
Fig. 3.



66 Jeevitha R. Raji and Kandasamy Palanivelu

Fig. 2 SEM micrographs of (a) Fey,TiO,NP (b) FeysTiO,NP (c) Fe;(TiO,NP (d) Fe,(TiO,NP (e)
Cz'oFel_oTiOZNP (f)CZ_OFez'QTi02NP (g) C4,0Fe1,0Ti02NP (h) C4'0F62'0Ti02NP
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From EDX analysis, it was observed that the concentration of iron incorporated in Fe-TiO, and
C-Fe TiO, catalysts was lower than the concentration of iron added during the preparation
procedure. This is true for doped nanocatalysts prepared by sol-gel routes due to the reason that the
doped ions are distributed un-uniformly within or on the surface of titania particles, making it
difficult to control the dopant amount incorporated in the catalyst (Wong ef al. 2004). During the
preparation of Fe-TiO,, the amount of iron added to the reaction mixture was 0.2 wt%, 0.5 wt%,
1.0 wt% and 2.0 wt% respectively for the catalyst Fey,TiO,NP, FeysTiO,NP, Fe;(TiO,NP and
Fe, ¢TiO,NP. From the EDX spectra of Fe-TiO, catalysts, the amount of Fe estimated in the
catalysts was 0 wt%, 0.3 wt%, 0.7 wt% and 1.1 wt% respectively. During the preparation of C-Fe
TiO, catalysts, the amount of iron added to the reaction mixture was 1.0 wt% for the catalyst
CyoFe1 oTiIONP and CyoFe ¢TiO,NP; and 2.0 wt% for the catalyst C,(Fe,cTiO,NP and
C40Fe,0TiO,NP. From EDX analysis, the amount of Fe estimated in the catalysts C, oFe; ¢TiO,NP,
Cz_oF@z,oTiOzNP, C4,0Fel_oTi02NP and C4,0F62_0Ti02NP was 0.6 Wt%, 1.2 Wt%, 0.32 wt% and 0.98
wt% respectively.

3.3.1 Visible light characterization

The UV-Vis absorption spectra of pure TiO,, Fe-TiO, and C-Fe TiO, nanoparticles are
illustrated in Fig. 4. The undoped titania sample was found to have absorption only in the UV
region, whereas, all the Fe-TiO, catalysts possessed a slight red shift towards visible light region.
The absorption edge of the higher iron loaded sample Fe,(TiO,NP laid around 410 nm
corresponding to a band gap of 3.02 eV (calculated using Eq. (3)).

E, = 1239.8/ 4 3)
All the codoped samples exhibit better UV-Vis absorption than the pristine or Fe-TiO,

catalysts, and the catalyst ‘C,Fe;(TiO,NP’ was found to possess superior light absorption
properties than the other samples. The onset of absorption in the catalyst took place at the
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Fig. 4 UV-Vis Absorption Spectra of (a) pure and iron doped catalysts (b) pure and carbon-iron codoped
catalysts
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wavelength of 420 nm corresponding to a band gap of 2.95 eV. The red shift clearly shows the
modification of TiO, crystal lattice with carbon and iron, rather than coating of the catalyst surface.
This result is supported by the study conducted by Wu et al., in which a control experiment was
carried out with a coating of carbon on the surface of P-25 titania film and the UV-Vis spectrum
was obtained (Wu et al. 2007). The spectrum was similar to the pure P-25 titania film with no
absorption in the visible region, hence it was reported that obvious absorption shift will be
observed only when there is a change in catalyst crystal lattice.

3.4 Surface area analysis

BET specific surface area analysis was accomplished for each category of catalyst to identify
the change in surface area after doping or co-doping. The specific surface area of pure TiO, was
very large and found to be 180 m*/g and that of Fe-TiO, catalyst (Fe,,TiO,NP) and C-Fe-TiO,
catalyst (C,oFe,(TiO,NP) was 105 m*/g and 91m’/g respectively. This pattern of surface area
reduction was also observed by Praveen Surolia et al., during the impregnation of ferric salts on
pure TiO,, in which the surface area of the pure catalyst was 50 m*/g and reduced to 43 m*/g and
15 m*/g after impregnation with ferric chloride and ferric sulphate (Praveen Surolia et al. 2007).
The drop in surface area while doping with chloride and sulphate salts is reported to be due to
chlorination and sulfation which takes place upon the crystalline oxide. The result is also
supported by Liu ef al., who noticed that the surface area and pore volume of iron titanate catalyst
decreased to a certain extent due to the formation of sulfate species (Liu ez al. 2011).

However, it is to be noted that all the catalysts synthesized in this work possess a very larger
surface area than the commercially renowned Degussa P25 catalyst which is 50 m*/g (Ahmed et al.
2010).

On the other hand, the sulfation process can greatly increase the strong acid sites in catalysts,
which significantly promotes the performance of the catalyst. This justification is in accord with
the study by Shujuan Zhang et al., in which the sulfation process improved the dispersion of Ni
species and provided strong Bronsted and Lewis acid sites, which contributed to a high catalytic
activity for propane selective reduction of NO (Shujuan Zhang et al. 2005).

3.5 Coupled semiconductor photo-Fenton’'s decolorization of dyes by Fe-TiO,
nanoparticles

In the semiconductor photo-Fenton’s decolorization of dyes, a detailed investigation on the role
of initial pH of the dye solution was carried out between pH 3.0 and pH 9.0. Studies were not
conducted below pH 3.0 due to the fact that under strong acidic conditions, TiO, particles tend to
agglomerate and the surface area available for dye adsorption and photon absorption would be
reduced (Fox and Dulay 1993, Chen and Gu 2002, Yu ef al. 2007, Akpan and Hameed 2009). Fig.
5 illustrates the semiconductor photo-Fenton’s decolorization of BB and AO with pure and Fe-
TiO, catalysts at varied pH.

It could be observed that the catalyst ‘Fe, ¢TiO,NP’ with higher amount of iron was found to
decolourize both the dyes at a faster rate, which might be ascribed to the enhanced photo-Fenton’s
property at higher iron loading. The enhancement in the activity of Fe-TiO, catalysts over pure
titania might be due to the coupling of Fenton’s process and photocatalytic mechanism which
synergistically destructed the dye pollutants.

On further observing the decolorization pattern, BB decolorization occurred at a rapid rate at
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Fig. 5 Coupled semiconductor photo-Fenton’s decolorization of (a) BB dye and (b) AO dye with pure and
Fe-TiO, nanotitania at varied pH (Experimental conditions: Catalyst dosage=0.5 g/L; H,0,
concentration=29.7 mmol/L; Initial solar intensity during BB decolorization=~60kiloLUX; Initial solar
intensity during AO decolorization=>90kiloLUX)
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Fig. 6 Dye-Catalyst interaction at acidic pH and basic pH

pH 3.0 and 9.0, at which a complete decolorization was observed within 30 min of solar irradiation
with Fe,(TiO,NP, when compared to the decolorization at pH 5.0 and pH 7.0. The enhanced
degradation in acidic pH was due to the well known Fenton’s process which is generally efficient
at pH around 3.0 (Ghaly et al. 2001, Zhang et al. 2005). The rapid degradation of BB at pH 9.0
might be due to the enhanced catalyst-cationic dye interaction at basic pH as shown in Fig. 5 to
Fig. 6 and explained as follows: For TiO,, the point of zero charge (pzc) is around 5.8 to 6.0.
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Hence, at acidic pH below 5.8, the aqueous medium supplies more protons and make the particle
surface possess large number of positive charge. Whereas, at pH above 5.8, the aqueous medium
provides hydroxyl ions and the particle surface possesses negative charge. Since BB is a cationic
dye, it is believed to be predominantly in its cationic form at acidic pH and neutral form at basic
pH. Therefore at basic pH, the electrostatic repulsion between the negatively charged catalyst
surface and the neutral dye molecule is lower than the strong repulsion between the positively
charged catalyst surface and positively charged BB dye at acidic pH.

In the case of AO, the dye was found to undergo rapid degradation at pH 3.0 and followed
downward trend on increasing the pH from pH 3.0 to pH 9.0 (Torrades and Garcia 2014). This
may also be due to the pzc of catalyst and the dissociation nature of the dye as illustrated in Fig. 6.

3.6 Coupled semiconductor photo-Fenton’s decolorization of dyes by C-Fe TiO,
nanoparticles

The decolorization results of BB and AO with a series of C-Fe codoped titania nanoparticles
are shown in Figs. 7(a) and 7(b) respectively. It could be observed from the decolorizaiton results
that the efficiency of the catalysts increased with an increase in Fe concentration irrespective of the
amount of carbon, and the catalyst ‘C,¢Fe, TiO,NP’ was found to be the best performer than the
other combinations. As observed with the Fe-TiO, catalysts, the decolorization of BB with C-Fe
nanotitania was effective at pH 3.0 and pH 9.0; and the AO decolorization was well pronounced at
pH 3.0. As explained in the earlier section, the enhanced decolorization of both the dyes at acidic
pH was due to enhanced Fenton’s activity around pH 3.0. In the case of BB, since the anchoring of
S+ of the dye on to the catalyst surface is better at basic pH, the degradation was efficient at pH
9.0 as well. In the case of AO, since both the Fenton’s activity and anchoring of —SO;’ of the dye
on to the catalyst surface is favorable at pH 3.0, efficient degradation of AO was observed only at
acidic pH. This is in accord with the results obtained by Zhiyong et al. (2007) in which the
decolorization of azo dye orangell was favoured at acidic pH 3.0 and found to be inefficient at
basic pH 10.0 (Zhiyong et al. 2007).
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3.7 Selection of efficient catalyst

While observing the degradation of the dyes with the pristine, iron doped and carbon-iron
codoped catalysts, the degradation was found to be very efficient with the catalysts, “Fe, ¢TiO,NP,
Cy0FeyoTiIONP and CyFe; ¢TiO,NP”. It could be noted that in the previous sections, all the
experiments were conducted with different catalysts at virtually similar experimental conditions
except the solar intensity, which inevitably varied between 50,000 LUX and >80,000 LUX in
majority of the photochemical studies. Hence, in order to select the best catalyst, experiments were
repeated with the efficient catalysts keeping the initial dye concentration as 10 ppm, catalyst
dosage as 0.5 g/L, H,O, concentration as 29.7 mmol/L at pH 3 and all the dye suspensions were
simultaneously subjected to solar irradiation under similar solar intensity (~60,000 LUX). The
catalyst ‘C, ¢Fe, ¢TiO,NP’ was observed to be the most efficient among the other catalysts, which
might be due to i) the suitable ratio of anatase and rutile phases ii) the largest amount of iron
incorporation and iii) the enhanced visible light absorption characteristics. Hence further
optimization studies were conducted with the catalyst ‘C, ¢Fe, ¢TiO,NP’.

3.8 Effect of catalyst dosage

To study the effect of catalyst dosage in dye decolorization, four different dosages such as 0.25
g/L, 0.5 g/, 0.75 g/L and 1.0 g/L. (Akpan and Hameed 2009, Ahmed Hasaan Ali 2013) were
studied and the results are shown in Figs. 8(a) and 8(b) for BB and AO respectively.

BB dye decolorization occurred at a faster rate when the amount of catalyst was increased from
0.25-0.75 g/L, which might be due to the enhanced Fenton’s activity from larger number of active
iron sites. The efficiency was leveled off with further increase in the catalyst load from 0.75 g/L to
1 g/L. In the case of AO, complete decolorization occurred at a faster rate when the amount of
catalyst was increased from 0.25 to 1.0 g/L as shown in Fig. 7(b). Hence, further optimization
studies in BB and AO decolorization were conducted with 0.75 g/L. and 1 g/L of catalyst as
optimum dosage respectively.
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3.9 Effect of H,O, concentration

To study the effect of H,O, concentration in dye decolorization, the concentration of H,O, was
varied as 9.9 mmol/L, 19.8 mmol/L, 29.7 mmol/L and 39.6 mmol/L, and the results are illustrated
in Figs. 9(a) and 9(b) respectively.

Complete decolorization of BB dye was observed at a faster rate at higher H,O, concentration
of 39.6 mmol/L, which could be due to the fact that as the concentration of H,O, increased, the
concentration of hydroxyl radicals increased and led to enhanced oxidation. Hence, further
degradation studies with BB were conducted with 39.6 mmol/L as optimum H,O, concentration.

On the other hand, complete decolorization of AO was observed at a faster rate when the
concentration of H,O, was 19.8 mmol/L. The rate of decolorization remained constant when the
oxidant concentration was increased from 19.8 mmol/L to 29.7 mmol/L and decreased when the
concentration was further increased to 39.6 mmol/L. This could be explained in such a manner that
the concentration of hydroxyl radicals increased with increase in H,O, concentration from 19.8
mmol/L to 29.7 mmol/L, leading to increased rate of decolorization. The retarded rate at higher
oxidant concentration might be due to the fact that at very higher H,O, concentrations, H,O, itself
can act as a scavenger of hydroxyl radicals and render them unavailable for Fenton’s reaction
(Tamimi et al. 2008, Karthikeyan et al. 2011). Hence, the optimum H,0, concentration was taken
as 19.8 mmol/L in the case of AO dye.

3.10 Effect of initial pollutant concentration and kinetics

To examine the effect of initial dye concentration, the experiments were conducted at optimum
conditions of pH, catalyst dose and H,O, concentration, varying only the initial concentration of
dye from 20 ppm to 50 ppm and the results are furnished in Table 1.

For both BB and AO, complete decolorization was achieved for the entire concentration range
studied from 20 ppm to 50 ppm. On observing the degradation and mineralization pattern from
Table 1, the amount of COD and TOC removal of BB was found to increase with increase in the
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Table 1 Effect of Initial dye concentration in the degradation and Mineralization of dyes [Experimental
conditions: catalyst dosage=0.75 g/L (BB), 1.0 g/L (AO); Initial pH of dye solution=pH 3; H,0,
concentration=39.6 mmol/L (BB), 19.8 mmol/L (AO); Initial Solar Intensity ~30 kiloLUX (BB), ~70
kiloLUX (AO)]

SI. [Initial conc., of COD removal for BB TOC removal for COD removal for AO TOC removal for AO

No. dye (ppm) dye (%) BB dye (%) dye (%) dye (%)
1. 20 91.3 88 91.3 90.3
2. 30 88 83 86.7 87.3
3. 40 80.9 78 67.1 58
4 50 77.9 70.1 49.1 36

Table 2 Optimum COD:H,0O; ratio for the semiconductor photo-Fenton’s degradation of acid orange 52

AO dye H,0, consumed Average
SI. No. concentration, COD, mg/L 22 * COD:H,0, ratio - ge
mg/L mg/L COD:H,0; ratio
673 _
; 30 o4 (19.8 mmol/L) 1:10.5
945 1:10
> >0 o8 (29.7 mmol/L) 1:9.6

initial dye concentration. In the case of AO, the amount of COD and TOC removal was found to
increase when the initial concentration was increased till 30 ppm and decreased with further
increase in concentration above 30 ppm. This may be due to the reason that the given H,0,
concentration of 19.8 mmol/L was sufficient for effective degradation up to 30 ppm and became
insufficient with further increase in dye concentration. Hence the H,0O, concentration was
increased from 19.8 mmol/L to 29.7 mmol/L to degrade 50 ppm of AO dye, and it was found that
effective degradation (>94%) of the highest dye concentration was possible at the H,O,
concentration of 29.7 mmol/L.

In order to calculate the optimum COD:H,0, ratio for AO degradation (for application in real
textile effluent treatment), the COD value for 30 ppm and 50 ppm of AO dye and the amount of
H,0, consumed for the respective dye concentration was taken into account as given in Table 2.

From the table, the optimum COD:H,O, for the coupled semiconductor photo-Fenton’s
degradation of 30 ppm and 50 ppm of AO was found to be 1:10. In order to study the kinetics of
dye degradation, first and second order kinetic equations (Egs. (4) and (5)) were applied, and the
reaction kinetics were found to fit the first order rate equation with a regression co-efficient of 0.9
for both the dyes, and unfits the second order kinetics with a regression co-efficient of 0.5 for BB
and 0.7 for AO respectively. Though the hydroxyl radical attack and Fenton’s activity also played
major roles in the degradation process, the kinetics clearly reveals that those factors only have a
pseudo effect. Hence, it could be stated that the reaction followed a pseudo first order kinetics

1 CR
ko =-h—0 (4)

1
t CP
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1 [  CR

k== | —"—

t \ CRy* CP,
Where,

k,=First order rate constant, min™
k,=Second order rate constant, L/mg.min’l

t=time, min

)

CPy=Concentration of pollutant at t=0, mg/L

CP=Concentration of pollutant at any time “t”, mg/L

The pseudo first order rate constants for the TOC removal of 10 ppm to 50 ppm of BB dye was
found to be 0.115 min™', 0.066 min™', 0.043 min™', 0.032 min™' and 0.022 min™ respectively. The
corresponding half lives (t;,) were 6.0 min, 10.5 min, 16.1 min, 21.6 min and 31.5 min
respectively. The pseudo first order rate constants for the TOC removal of 10 ppm to 30 ppm of
AOQO dye at optimized conditions with 19.8 mmol/L HO, was found to be 0.40 min'l, 0.21 min'and
0.154 min™ respectively. The corresponding half lives (t;,) were 1.7 min, 3.2 min and 4.5 min
respectively. The pseudo first order rate constant and half life for the TOC removal of 50 ppm of
AO dye with 29.7 mmol/L of H,0, were 0.109 min™ and 6.4 min respectively.

Table 3 Characterization of textile dye bath effluent

Amount in dye bath effluent

SI. No. Parameter (Average of two values)
1. Color at 628 nm (Absorbance units) 0.73
2. pH 10.1
3. EC (mS/cm) 49
4. TDS (mg/L) 37,640
5. Na" (mg/L) 5,782
6. CI' (mg/L) 8,799
7. Total Hardness as CaCO; (mg/L) 467
8. Calcium as CaCO; (mg/L) 167
9. Mg*" (mg/L) 73
10. Phenolphthalein alkalinity as CaCO; (mg/L) 1,996
11. Total alkalinity as CaCO; (mg/L) 8,695
12. CO5> (mg/L) 3,995
13. HCO;5™ (mg/L) 4,700
14. SO4* (mg/L) 2,043
15. COD (mg/L) 302
16. TOC (mg/L) 84
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Table 4 Decolorization, degradation and mineralization of textile dye bath effluent [Experimental
conditions: Initial pH of reactant solution=pH 3; Catalyst dosage=4 g/L; COD:H,0, ratio=1:10; Initial solar
intensity=35-40 kiloLUX]

Irradiation Duration Color removal COD removal TOC

SI. No. (min) (%) (%) removal
(%)
1. 60 68 49.3 18.1
2. 120 100 61.8 36.3
3. 180 - 69.7 62.5
4, 240 - 934 77.7

3.11 Application in real textile effluent treatment

The practical application potential of the efficient catalyst, “C, ¢Fe, cTiO,NP” was evaluated for
the treatment of real textile effluent (exhausted dye bath effluent). As the dyes present in the
collected wastewater have the properties similar to acid orange 52, the experimental conditions
optimized in the degradation of acid orange 52 were applied for the treatment of the textile
effluent.

The characteristics of the exhausted dye bath effluent are furnished in Table 3.

From the table, it could be noted that the COD of the dye bath effluent was low, but, similar
low COD values have also been reported in the dye bath effluents of many other small scale textile
industries (Ranganathan et al. 2007). The collected wastewater was screened to remove floatable
solids, sand filtered to remove suspended solids and subjected to semiconductor coupled photo-
Fenton’s treatment. The COD and TOC of the sand filtered effluent were 294 mg/L and 76 mg/L
respectively.

The experimental results are furnished in Table 4, where it could be observed that a complete
color removal was achieved within 120 min of solar irradiation. Rate of COD removal was high
in the initial period and it was gradual as the concentration of pollutants decreased. In spite of the
hyper- salinity in the dye bath effluent, 93.4% of COD removal and 77.7% of TOC removal was
achieved under the influence of very low solar intensity (35-40 kiloLUX). This reveals the
practical applicability of this process for the potential treatment of real wastewater.

4. Conclusions

In summary, pristine TiO, nanoparticles were prepared and subjected to iron doping and
carbon-iron codoping employing natural and eco-benign precursors, and energy efficient methods.
Among the synthesized catalysts, the codoped catalyst, ‘C,oFe,(TiO,NP’ was found to contain
suitable fraction of 66% of anatase and 34% of rutile phases respectively. C,oFe;(TiO,NP was
found to possess enhanced visible light absorption properties and efficient degradation properties
in the solar photochemical experiments which is attributed to the beneficial adsorption of
pollutants on to carbon and enhanced Fenton’s activity from higher iron loading. The degradation
of the dyes, basic blue 9 and acid orange 52 was efficient at the pH at which the Fenton’s activity
and catalyst-dye interaction was high. The semiconductor coupled solar photo-Fenton’s
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degradation of the dyes followed pseudo first order kinetics. In textile dye bath treatment,
complete color removal, effective COD removal and TOC removal was achieved under very low
solar intensity of 35-40 kiloLUX. Overall, the current study reveals that the natural solar energy is
a viable alternative to the energy intensive treatment technologies for eradicating dye pollutants.
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