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Abstract—Ag deposited TiO, was prepared by simple chemical reduction method and its photocatalytic efficiency was
evaluated for the decolorization of methylene blue dye using pilot scale slurry type falling film reactors (FFR) under
sunlight. The characterization of the prepared catalysts by XRD, TEM, EDAX, DRS and PL confirmed that silver,
which acts as electron trap, was deposited over the TiO, surface. The operational parameters, such as catalyst loading,
concentration of the dye solution, pH of the slurry, addition of oxidizing agents and effect of different substrates, were
optimized. The photocatalytic efficiency of Ag deposited TiO, increased two-fold times than pure TiO, and the maxi-
mum decolorization of dye was observed under acidic conditions. The reaction rate significantly increased with the
addition of oxidizing agent H,O,. The ceramic tile as well as double skin reactor have higher photocatalytic efficiency
than glass as substrate. In addition, Ag-deposited TiO, photocatalyst could be easily recovered by simple sedimentation
process and reused for repeated experimental cycles with more than 95% decolorization efficiency.
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INTRODUCTION

Synthetic dyes are toxic, recalcitrant chemical compounds, poten-
tially carcinogenic and mutagenic in nature, hazardous to human
health and environment [1,2]. Industries such as textile, carpet, print-
ing, paper and food industries are the major consumers of these
dye stuffs while they discharge their effluent directly into the water
bodies such as rivers, lakes, ponds without any treatment [3,4]. It
has been reported that reactive dyes from industrial azo dye houses
are responsible for almost 30% of water pollution due to its efflu-
ent discharge [5]. The untreated colored wastewater is toxic to plants
and microorganisms and blocks the light penetration, thereby de-
creasing the photosynthesis and raising the chemical oxygen demand
(COD) in the aquatic ecosystem [6,7]. Hao et al. [8] reported that
cationic dyes are more toxic than anionic dyes. Sulfonated azo
compounds in dye effluents typically resist biodegradation and are
either precipitated with the sewage sludge or discharged into riv-
ers [9]. Conventional methods used in the treatment of dye waste-
water such as flocculation, coagulation, adsorption using activated
carbon and biological treatments have certain limitations. In bio-
logical processes, azo bond present in the dyes is transferred to aro-
matic compounds, which is carcinogenic and more hazardous than
dyes [10]. Whereas, adsorption using activated carbon, transfers
the pollutants from one phase to other phase, i.e., from liquid phase
to solid phase, whereas coagulation and flocculation produce more
sludge, which is tough to treat and dispose [11].

In this context, titanium dioxide (TiO,) mediated photocataly-
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sis is emerging as an alternative tool to degrade dye pollutants, as
it is nontoxic, cheap, abundant, thermal and photo stable [12,13].
The main drawbacks associated with TiO, photocatalysis are fast e
and h" recombination rate and requirement of near ultra violet
(UV) spectra to initiate the charge separation process, which limits
its practical application [14]. To overcome these difficulties, dop-
ing or decorating noble metals over TiO, surface is gaining impor-
tance as its decreases the electron hole recombination rate by acting
as electron quencher and also due to surface plasmon resonance
property, which increases the generation of reactive oxygen species
(ROS) under visible region [15,16]. Among the various noble met-
als, silver (Ag) is popular due to cost efficiency, easy availability and
its high stocky barrier [17,18]. When Ag deposited TiO, catalyst is
exposed to sunlight, it induces the charge separation process, which
excites an electron from valence band to conduction band, subse-
quently leaving a hole in the valence band [19]. The conduction
band electron is trapped by the silver ions present in the surface of
TiO,, thereby decreasing the electron (¢”) and hole (h") recombi-
nation rate [20,21]. As a result, the surface bound hole reacts with
water and oxidizes it into hydroxyl radicals (OH), whereas the elec-
tron reduces the molecular oxygen to superoxide radicals which
degrade the dye molecules (Fig. 1).

Several literatures report on material preparation and its modifi-
cations in order to increase the photocatalytic efficiency using bench
scale reactors under controlled conditions [22-24]. Sahoo et al. [25]
demonstrated the photocatalytic degradation of Methyl Red dye
using Ag doped TiO, under UV irradiation. Whereas, Sakthivel et
al. [26] studied the efficiency of Pt, Au and Pd deposited on TiO,
to enhance its photocatalytic activity for the degradation of Acid
Green 16 dye using high pressure mercury vapor lamp. But, the
treatment of dye wastewater in large volume under sunlight using
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Fig. 1. Mechanisim of Ag depoisted TiO, photocatalysis.

pilot scale reactors is very much limited.

Hence from this perspective, we mainly studied the photocata-
lytic decolorization of synthetic dye solution using a non-concen-
trating falling film slurry reactor under sunlight. In this study, a
cost-effective pilot scale reactor was developed for photocatalytic
decolorization of methylene blue, selected as a model pollutant. The
effects of various operational parameters such as catalyst loading,
initial dye concentration, initial slurry pH, and addition of hydro-
gen peroxide (H,O,) etc., were studied. The solar photocatalytic
efficiency of two different substrates, glass and tiles, used in the
reactors was validated.

EXPERIMENTS

1.Chemicals

Titanium dioxide (TI0O,), silver nitrate (AgNO;), sodium boro-
hydride (NaBH,), hydrogen peroxide 25% v/v (H,O,), sulfuric acid
(H,SO,) and sodium hydroxide (NaOH) were received from Merck
Chemicals (India) with analytic grade and used without further
purification. Methylene blue, C,¢H,sCIN;S (CI 52015, MW- 319.85)
was purchased from Merck India Ltd., with 99% purity and its
chemical structure is shown in Fig, 2.
2. Preparation of Ag Decorated TiO, by Chemical Reduction
Method

Using simple chemical reduction method Ag deposited TiO,
(1.0 wt%) was prepared by dispersing 5 g of TiO, in 100 ml of dis-
tilled water by sonication. Under constant stirring 5 ml of 0.1 mole
AgNO; solution was added followed by addition of 5ml of 0.1
mole of NaBH, as reducing agent. The resultant mixture was fur-
ther dried in hot air oven at 120°C overnight and the product
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Fig. 2. Structure of methylene blue dye.
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obtained was calcined at 400 °C for 3 hours, cooled and used [27].
3. Characterization of Prepared Particles

The X-ray diffraction (XRD) pattern of pure and Ag deposited
TiO, was measured by using powder PAN analytical X-ray diffrac-
tometer between 20° to 80°. The average crystallite size (D in nm)
of prepared particles was determined from XRD patterns using
Scherrer’s equation by the following equation.

D=kA/Bcosé €y

where, k is a constant equal to 0.9; A, the X-ray wavelength equal
to 0.154 nm; S is the full width at half maximum, and @is the half
diffraction angle. Scanning electron microscope (SEM- Hitachi,
Model: S-3400 N) was used to measure the surface morphology of
the particles, and the elemental mapping was by using ThermoSu-
perDry II make energy dispersive X-ray spectroscopy (EDAX)
attached to the SEM. The size and shape of the prepared particles
were determined using Philips CM-10 High resolution transmis-
sion electron microscopy. Diffuse reflectance spectra (DRS) were
recorded with Varian Cary 5000 UV-Vis. NIR spectrophotometer
using BaSO, as the reference. The Brunauer-Emmett-Teller (BET)
surface area of the particles was measured by nitrogen gas adsorp-
tion-desorption method using ASAP 2010, Micromeritics. The
samples were degassed at 150 °C for 3 h under the vacuum condi-
tion to remove the moisture. The photoluminescence (PL) emission
spectra were measured with JY Fluorolog - FL3-11 make spectro-
fluorometer.
4. Fabrication of Pilot Scale Non Concentrating Falling Film
Photoreactor

The pilot scale non-concentrating slurry type falling film reac-
tor was fabricated either with tiles or a glass sheet with an illumi-
nation surface of about 60x120 cm mounted on a fixed platform
tilted at 35° (local latitude), as shown in Fig. 3(a) Glass substrate
and (b) Ceramic tile substrate reactor. A peristaltic pump pow-
ered by 35W solar photovoltaic cells was used to recirculate the
dye solution mixed with the catalyst from the tank to the reactor
by spraying through a perforated manifold over the substrate.
5. Photocatalytic Decolorization Studies

The photocatalytic experiments were conducted on the pilot scale
non-concentrating falling film slurry type photo catalytic reactors
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Fig. 3. Image of slurry type falling film reactor (a) glass substrate
and (b) ceramic tile substrate.

operated with 25 L of synthetic dye wastewater. Dye solutions were
prepared with tap water from the laboratory. Control experiments
were performed along the side with pure TiO, and by direct pho-
tolysis, i.e., without any catalyst. All the experiments were on the
roof top of our laboratory at Pondicherry University;, India, (Local
latitude 12.01°N & longitude 79.85°E) under sunlight during the
months of April to July 2016, between 10.00 a.m. to 2.00 p.m. By
using UV tech, a handheld radiometer, the average solar intensity
was measured with 365 nm sensor. The experiment was conducted
under the dark condition for 30 min to establish adsorption/desorp-
tion equilibrium with the catalyst and dye by covering the reactor
with a black cover. For photocatalytic experiments, the cover was
removed from the photo reactors which were exposed to sunlight
for 120 min to check the efficiency of the prepared catalysts. At spe-
cific intervals, 3mL of samples was collected and filtered using
0.22 micron Millipore membrane, and the filtrate was used for the
determination of color removal using spectrophotometric method
by measuring A,,,, value at 661 nm for MB. The evaporation loss
on the volume of water was adjusted by adding the required amount
of distilled water before each subsequent experiment. The experi-
ments were repeated thrice and the results were averaged. The
percentage colour removal was calculated by using the following
equation:

C,-C
Colour removal % = —%~—x 100 )

where C, is the initial concentration of dye and C, is dye concen-
tration at different time t. Influence of operational parameters such
as different catalyst concentration, initial slurry pH, and addition
of oxidizing agent, effect of different substrates and reusability of
the catalyst was also studied.

RESULTS AND DISCUSSION

1. Characterization Result
XRD pattern of TiO, (Fig. 4) confirms the different diffraction
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Fig. 4. X-ray diffraction pattern of pure TiO, and Ag decorated TiO,.

planes of anatase phase alone by showing peaks at 25.4°, 37.8°,
48.07°, 54°, 55°, 62.7° 75.09° (JCPDS reference code: 01-073-1764)
and no other planes were observed. The average particle size (D in
nm) determined using Scherrer’s equation from (101) peak of ana-
tase TIO, at 260=25.4, was about 49 nm. Whereas, the XRD pattern
confirms the presence of Ag in face centric cubic (fcc) over TiO,
by showing peaks at 26 of 38.27°, 44.45°, 64.6° and 77.5° (JCPDS
reference code:01-087-0718). The average crystallite size of Ag
deposited TiO, is about 54 nm, the particle size slightly increased
due to the covering of Ag over the TiO, surface and also calcina-
tion effect [28,29].

The optical properties of pure and Ag deposited TiO, were stud-
ied by using UV-Vis. Spectrophotometer to measure the diffused
reflectance spectra (DRS). Fig. 5 depicts pure TiO, and Ag depos-
ited TiO,, whereas pure TiO, shows increasing absorbance at UV
region due to the optical band gap of TiO, [30] and Ag deposited
TiO, shows a broad band absorption under visible region that is
attributed to the surface plasmon resonance properties of silver
nanoparticles deposited over the TiO,, which produces more ROS
[31,32].

The morphology and size of pure TiO, and Ag deposited TiO,

—— AgTiOp |
—-— Pure TiO,

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 5. UV-vis. Absorption spectra of pure and Ag decorated TiO,.
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Fig. 6. SEM image of (a) pure and (b) Ag decorated TiO,.
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Fig. 7. EDAX spectra of Ag decorated TiO,.

were measured by using SEM and TEM. SEM images of both the
particles have similar morphology: spherical with agglomerated
structure (Fig. 6(a) and (b)). The elemental composition of pure
TiO, and Ag deposited TiO, was confirmed through SEM equipped
EDAX (Fig. 7). It shows the spectral signal of elemental silver, tita-
nium and oxygen, indicating the deposition of Ag over TiO, sur-
face. TEM micrographs of pure TiO, and Ag deposited TiO, were
irregular in shape and size with slight difference in morphological

(a)

5-3400N15.0kV 9.9mm x10.0kSE~ . 0 T §

features (Fig. 8(a) and (b)). Fig. 8(b) shows silver nanoparticles with
12-18 nm in size heterogeneously dispersed over the surface of the
TiO,, owing to low silver concentration used for deposition [33].

The BET specific surface area results of the pure TiO, and Ag
deposited TiO, were about 11.8 m’/g and 9.2 m?/g, respectively. Ag
deposited TiO, has less surface area than pure due to the covering
of capillaries and hole of the TiO, surface with Ag ions [34,35].

The PL emission spectra for both the pure and Ag deposited
TiO, excited at 330 nm are illustrated in Fig. 9. The results indi-
cate that both emission spectra are similar to each other and exhibit
two emission peaks. The first peak at 375 nm is assigned to 3.3 e.v.
which is equal to its band gap energy, and the peak at 435nm
matches up with 2.9 ev, attributed to free excitation of O* charge
transfer transition, respectively [36]. The PL spectra of Ag depos-
ited TiO, show lesser intensity than pure TiO, under the same exci-
tation irradiation, which ensures the reduction in ¢ and h' re-
combination rate. Ag nanoparticles have higher metal work func-
tion than that of pure TiO,, so the photogenerated conduction
band electrons in TiO, surface will transfer to Ag, which acts as
electron acceptor. From the results, it is inferred that photocata-
lytic efficiency is enhanced with reduction in photogenerated e
and h* recombination rate [37,38].
2. Solar Photocatalytic Decolorization of Methylene Blue Dye
Using Slurry Type Falling Film Reactor

The efficiency of the prepared particles was evaluated by select-

(b)

100 nm

Fig. 8. TEM image of (a) pure TiO, and (b) Ag decorated TiO,.
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Fig. 9. PL spectra of pure TiO, and Ag decorated TiO,.
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Fig. 10. Solar photocatalytic methylene blue dye degradation (Dye
conc.-10 ppm; catalyst conc.-100 ppm; flow rate-30L h™';
PpH-6.0; solar intensity-1.1 mW/cm?; substrate-tiles; time-
120 mins).

ing methylene blue dye as model pollutant. Each reactor was oper-
ated in batch recycle mode with 25 liters of dye mixed with various
catalysts in slurry mode, by passing it over the tile substrate as a
thin film. The experiment was performed with pure, Ag decorated
TiO, and by direct photolysis as illustrated in Fig. 10. The results
show that pure TiO, is less efficient to decolorize MB dye, about
57%, due to weak adsorption under visible region [39]. Whereas,
Ag decorated TiO, shows nearly two-fold increase in photocata-
lytic decolorization activity of about 90% due to electron quench-
ing ability of silver, which reduces the e” and h" recombination rate,
thereby increasing the production of more ROS under same oper-
ating conditions. Negligible reduction of about 5.6% was observed
by direct photolysis [40]. Since Ag deposited TiO, shows higher
decolorization than pure one, the remaining experiments were con-
ducted with Ag decorated TiO, alone to optimize the reaction par-
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Fig. 11. Effect of different initial catalyst concentration on MB dye
degradation (Dye conc.-10 ppm; flow rate-30 L hl pH-6.0;
solar intensity-1.1 mW/cm’; substrate-tiles; time-120 mins).
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Fig. 12. Effect of different initial dye concentration on MB dye deg-
radation (Catalyst conc.-10 ppm; flow rate-30 L hl pH-6.0;
solar intensity-1.1 mW/cm’; substrate-tiles; time-120 mins).

ameters.
2-1. Effect of Catalyst Concentration on Dye Decolorization

Effect of different catalyst loading has profound influence on
dye decolorization rate, which was evaluated using Ag deposited
TiO, ranging from 50 ppm to 1,000 ppm in order to optimize the
catalyst concentration. Fig. 11 shows the percentage decolorization
of MB dye after 120 min under sunlight. A gradual increase in the
decolorization up to 100 ppm is observed and further increase in
catalyst concentration leads to decrease in decolorization rate as
reported earlier by Wetchakun et al. [41] and Devadi et al. [42].
Initial increase in dye decolorization was due to increase in num-
ber of active sites with increasing amount of catalyst surface, which
in turn produced more ROS. Further increase with catalyst con-
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centration may increase the turbidity, which hinders the penetra-
tion of sun light through screening effect [43].
2-2. Effect of Initial Dye Concentration

The initial dye concentration has a pivotal role on decoloriza-
tion rate. To study the effect of different initial dye concentration
on photocatalysis, experiments were conducted with varying initial
dye concentration from 10 ppm to 50 ppm with constant catalyst
concentration of 100 ppm. Fig. 12 illustrates decolorization percent-
age with varying dye concentrations. The results show that there
was a gradual decrease in photocatalytic decolorization efficacy
when the initial dye concentration was increased from 10 ppm to
50 ppmy, ie., about 90% to 44%, respectively, after 2 hours of illu-
mination under sunlight. This is because the catalyst loading remains
constant, which produces the same concentration of ROS. Whereas,
dye molecules increase with increasing concentration, resulting in
insufficient number of ROS for dye decolorization, which decreases
the rate of the reaction [44,45].
2-3. Effect of pH of Solution

The initial slurry pH of dye solution may have profound effect
on the rate of dye decolorization, as it influences the surface charge
of particles. To study this, various experiments were performed by
varying the pH range from 2 to 10. Fig. 13 illustrates that the per-
centage dye decolorization decreases from about 99% to 65% after
120 min under sunlight. Under acidic conditions, TiO, surface be-
comes more positively charged, thereby facilitating more adsorp-
tion of the dye and increase in the decolorization rate. Similar results
were also observed by Zhang et al. [46] and Wu et al. [47], which
elucidates that MB dye gets strongly adsorbed over TiO, surface
under an acidic condition, which facilitates faster degradation.
2-4. Effect of H,0, Addition

To investigate the effect of addition of H,0,, experiments were
conducted at varying H,O, concentrations from 0 mM to 10 mM.
The results revealed that the rate of color removal increased with
increasing concentration of H,O, from 99% to 72% after 2 hours
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Fig. 13. Effect of initial shurry pH on MB dye degradation (Dye conc.-
10 ppmy; catalyst Ag/TiO,-100 ppm; flow rate-30 L h™"; solar
intensity-1.1 mW/ cm’; substrate-tiles; time-120 mins).
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Fig. 14. Effect of addition of H,0, on MB dye degradation (Dye
conc.-10 ppm; catalyst Ag/TiO,-100 ppm; pH-6.0; flow rate-
30L h™}; solar intensity-1.1 mW/cm’; substrate-tiles; time-
90 mins).

exposure under sunlight (Fig. 14). Nearly 22% decolorization of
dye was observed when the experiment was performed with addi-
tion of 10 mM H,0, alone without catalyst as control. H,O, disso-
ciates into "OH radicals, which is the primary oxidizing agent and
also it reduces the e and h* recombination rate, bringing about
faster decolorization rate [29,48]. Saggioro et al. [49] also reported
that the photocatalytic decolorization rate increased two-fold on
addition of optimum volume of H,O, to the dye solution.
2-5. Effect of Operational Parameters on Dye Decolorization

The reactor was operated with all optimum operational condi-
tions: with 100 ppm catalyst conc., 10 ppm dye, flow rate 30 L h™’,
at pH 2 and with 10 mM of H,0, addition, around 99% decolor-
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Fig. 15. Effect of optimum operational parameters on MB dye deg-
radation (Dye conc.-10 ppmy; catalyst Ag/TiO,-100 ppm; pH-

2.0; flow rate-30 L h™; solar intensity-1.1 mW/cm?; substrate-
tiles; time-60 mins; H,O, conc.-10.0 mM).
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Table 1. Comparison of different pilot scale reactors for the photocatalytic degradation of various wastewater from literature

Treatment time Degradation

Pollutant type Catalyst ~ Light source Reactor type (hours) % Reference
4-Chlorophenol water TiO, Sunlight Slurry Flat plate reactor 2.5 60 (50]
Pretreated landfill leachate  TiO, Fluorescent ~ Immobilized over glass sheet 8 57 [51]
tubes (TFFBR)
Synthetic dye water TiO, P25  Sunlight Immobilized over cement sur- 8 47 [52]
face (TFFBR)
Dichloroacetic acid TiO, Sunlight Double skin sheet reactor 35 100 [53]
Pesticides mixture TiO, Sunlight Immobilized over Ahlstrom 45 80 [54]
paper (STEP reactor)
Benzoic acid containing Degussa ~ Sunlight Immobilized stainless steel flat 3 100 [55]
wastewater TiO, P25 plates (TFFBR)
Biologically pretreated TiO, P25  Sunlight Double skin sheet reactor 5.5 40 [56]
industrial wastewater
Secondary treated sugar Ag/TiO,  Sunlight Immobilized on ceramic surface 3 99 [33]
refinery wastewater (TFFPR)
Synthetic dye solution Ag/TiO,  Sunlight Slurry (FER) 1 99 The present
study

ization of dye was observed within 60 minutes under 1.1 mW/cm’
average solar irradiation (Fig. 15). On comparison with several
authors, a slurry type falling film reactor was found to be more
efficient for the treatment of dye solution (Table 1) [50-56].

2-6. Effect of Different Substrate (Glass vs Tile)

To study the effect of different substrate on dye decolorization,
the experiment was performed with glass plate vs ceramic tiles with
optimal operation parameters (Fig. 16). Interestingly, tiles show
maximum decolorization than glass plates, which was due to non-
concentrating solar energy in glass plate than in tiles. In the tile
surface, the solar light is reflected by its polished surface, whereas in

100 4
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:.g 80 4 —eo—glass
B
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Q 40
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Fig. 16. Effect of different substrate on MB dye degradation (Dye
conc.-10 ppm; catalyst Ag/TiO,-100 ppm; pH-2.0; flow rate-
30L h'; solar intensity-1.1 mW/cm?; substrate-tiles; time-
60 mins; H,0, conc.-10.0 mM).

November, 2017

glass plate the rays penetrate through the glass, which is the possi-
ble reason for the reduction in the efficiency than in tiles. There
was no significant change in the dye decolorization when the experi-
ment was performed with double skin reactor, ie., a glass plate was
placed over the tile surface with 1 cm gap to prevent water loss by
evaporation.
2-7. Reusability of Catalyst

The stability of Ag decorated TiO, was evaluated by conducting
the experiments in repeated cycles. The catalyst was recovered by
simple sedimentation process and dried in hot air oven at 100 °C
for 2 hours to remove the moisture and was reused in the next
successive cycles. Fig. 17 illustrates the high stability of the catalyst

100

Degradation of MB (%)
8 3 3

N
o
1

0 T T
1 2 3 4 5

No. of cycle

Fig. 17. Repeated reuse of Ag deposited TiO, catalyst for MB dye
degradation under optimum operational conditions.
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even after five repeated cycles.
CONCLUSION

Silver decorated TiO, was prepared by a simple chemical reduc-
tion method using NaBH, as reducing agent. Characterization
results confirm that TiO, decorated with silver extends its wave-
length response towards the visible light region and increases the
production of ROS by reducing the e” and h* recombination rate.
A simple, cost effective fixed angle falling film reactor designed and
fabricated locally was studied for dye decolorization. The results
show that the decolorization efficiency increased two-fold in Ag-
deposited TiO, than pure TiO,. Effects of various operational param-
eters on dye decolorization were optimized. Ceramic tiles as sub-
strate exhibited high photocatalytic activity compared to glass sub-
strate. The double skin reactor fabricated with transparent glass
sheet over the tile surface did not affect the dye decolorization.
Such pilot scale falling film reactors are found to be an efficient,
cost effective technique for the treatment of various kinds of dye
pollutants.
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