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Abstract

Nanoparticles of TiO, were synthesized by sol-gel technique and the photodeposition of about 1% Ag on TiO, particles was carried out. Ag-
deposited TiO, catalyst was characterised by XRD, TEM and UV-vis spectroscopy. The Ag—TiO, catalyst was evaluated for their photocatalytic
activity towards the degradation of Reactive Yellow-17 (RY-17) under UV and visible light irradiations. Then the results were compared with
synthesized nano-TiO, sol and P-25 Degussa and the enhanced degradation was obtained with Ag-deposited TiO,. This enhanced activity of
Ag-TiO, may be attributed to the trapping of conduction band electrons. The effect of initial dye concentration, pH and electron acceptors such
as H,0,, K,S,05 on the photocatalytic activity were studied and the results obtained were fitted with Langmuir—-Hinshelwood model to study the

degradation kinetics and discussed in detail.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

With the increase in discharge of industrial effluents with bio-
calcitrant organic pollutants, lot of efforts were made towards
the development of new technologies for the clean up of wastew-
ater. In this field, heterogeneous photocatalysis has transpired to
be one of the most potential pollution remediation technologies
in recent decades [1-2]. Semiconductor photocatalyst generates
electron and hole pair (e~/h*) upon irradiation of light energy
that could be utilized in initiating oxidation and reduction reac-
tions respectively. Of all the photocatalysts, TiO, emerges to be
an effectual, easily available, relatively inexpensive and chem-
ically stable one [3—4]. Profuse applications of this technique
were quoted in the literature and some excellent reviews were
published [5-8]. However, the semiconductor TiO, has its mea-
gerness,

e Due to its wide band gap, it can be only triggered by near UV
radiation that encompass only about 4 —5% of natural solar
radiation [9-10].
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e The photogenerated electron and hole pairs are liable to
recombination, leading to low quantum yields [11-12].

In this regard, various attempts have been instigated to
overcome the incompetence of TiO;, which includes dye sensi-
tization [13—14] and doping of transitional metal ions the TiO»
crystal lattice, etc. [15-16]. Even though the modified catalyst
was active in visible light, the carrier recombination occurs and
low activity of the semiconductor was observed [11]. Therefore,
the need for the catalyst that could work in the visible light which
blends both the chemical stability and high activity is sought.
This could be accomplished by the deposition of noble metals
on TiO; [17-18]. The noble metals deposited on TiO, impart
the task of mediating the electrons away from TiO, surface and
preclude them from recombination with holes.

With this objective, a study was made to improve the catalytic
activity of TiO; in the visible range, by surface modification
using silver and the modified catalyst was characterized thor-
oughly. The photocatalytic activity of the modified catalyst was
compared with pure TiO, (P-25 Degussa) for the degradation
of Reactive Yellow-17 (RY-17). The chemical structure of the
dye is shown in Fig. 1. Various reaction parameters such as
reaction pH, substrate concentration and effect of addition of


mailto:sivakumar@annauniv.edu
dx.doi.org/10.1016/j.jhazmat.2007.01.107

A.V. Rupa et al. / Journal of Hazardous Materials 147 (2007) 906-913 907

HO,
CH, / N\—Qsema
N=N—

SO3N3

HzC_CHQ‘"SOz
COCH,

Fig. 1. Structure of Reactive Yellow-17.

electron acceptors like HyO;, K2S20g on the photocatalytic
activity have been studied. Kinetics for the degradation of RY-
17 involving Langmuir-Hinshelwood model under both UV and
visible source has been discussed in detail. Further, the efficiency
of the catalyst has also been evaluated by recycling the catalyst
to check the economic viability of this technique.

2. Experimental
2.1. Materials

Reactive Yellow-17 (RY-17) (Bagmul Sons, India), Titanium
isopropoxide (Lancaster, 97% pure), Silver nitrate (Merk, 98%
pure), TiO; (Degussa P-25 with particle size 30 nm, surface area
50m? g~ ') were used as such without any further purification.

2.2. Preparation of colloidal TiO; and Ag/TiO;
photocatalysts

Colloidal TiO5 (5 x 10~3 M) nanoparticles were prepared by
drop wise addition of 3 ml of 10% titanium isopropoxide in 1-
propanol to 200 ml of deionised water with vigorous stirring
[19]. After adjusting the pH of water to 2-3 with concentration
of HNOg3, the resulting solution was stirred for about 2 h until a
transparent TiO; sol was obtained.

Photodeposition of silver on TiO, nanoparticles was carried
out by adding a desired volume of aqueous AgNO3 (2 x 1073 M)
so as to attain 1wt.% of Ag onto the TiO» nanosol followed
by irradiation with visible light source (200 W halogen lamp)
for an hour. Finally, the product was centrifuged, washed with
distilled water and dried at 383 K for 12 h. The resultant black
coloured product was designated as Ag—TiO,. The formation of
colloidal Ag metal nanoparticles on TiO, has been monitored
via UV-visible absorption spectra.

2.3. Physicochemical characterization

The XRD patterns were taken for TiO, nanosol and Ag/TiO,
nanoparticles using PANalytical X’pert Pro X-ray diffractome-
ter with Cu Ko (A =1.54 A) radiation operating at 20 mA and
50kV. The average particle size of Ag in Ag/TiO; catalyst was
calculated by taking 50 particles from transmission electron
micrographs taken by using JEOL JEM-2010F field emission
microscope by placing a drop of the sample on copper grid
with an operating voltage of 200kV. The course of reduc-
tion of Ag ions on TiO; nanoparticles was studied by using

UV-visible spectrophotometer (HITACHI U-2000 spectropho-
tometer). Total organic content (TOC) of the samples at different
time intervals was determined by using Shimadzu TOC-5000
analyzer by directly injecting the aqueous dye solution after
centrifugation.

2.4. Adsorption studies

To study the effect of deposition of Ag on TiO; on the degree
of adsorption of the dye (RY-17), bare TiO, and Ag deposited
TiO, were stirred with RY-17 in the dark at room temperature
for about 12 h. It was centrifuged and the supernatant solution at
regular intervals was analysed by UV-visible spectrophotome-
ter.

2.5. Photodegradation of RY-17

In order to investigate the effect of deposition of silver on the
photocatalytic activity of TiOj, the experiments were carried
out using TiO; and Ag—TiO, under UV and visible irradiation.
A 200 W halogen lamp and 125 W mercury lamp were used
as visible and UV sources, respectively. 200 mL of the desired
dye solution with 1.5 g L~! of the photocatalyst was taken in an
immersion well of photoreactor made up of pyrex glass and the
dye solution was stirred for 30 min in the dark to allow equili-
bration of the system. The zero time reading was obtained from
blank solution kept in the dark. Aliquots of 2 mL dye samples
were collected at regular intervals of time, centrifuged and sub-
sequently filtered to remove the photocatalyst. The filtrates were
subjected to UV-visible spectrophotometric analysis to moni-
tor the concentration of RY-17 at various time intervals at a
wavelength of 410 nm (Amax)-

3. Results and discussion
3.1. Characterization results

The XRD patterns of synthesized TiO, and Ag/TiO» pho-
tocatalysts are shown in Fig. 2. From the XRD patterns, the
average particle diameter of the synthesised TiO, was found
to be in the nanometer range as calculated from the Debye-
Scherer equation. The peak at 260 =38.1° is characteristic of Ag
metal, which confirms the deposition of Ag on the lattice of
TiO,. From the TEM micrograph (Fig. 3) the particle size of
Ag deposited on TiO, was determined by taking 50 numbers
of particles and was found to be 2 nm. Fig. 4 shows the optical
absorption evolution of 2 x 1073 M AgNOj3 solution in the pres-
ence of 5 x 1073 M TiO; colloid during irradiation. During the
early stages of irradiation, the absorption peak for TiO; around
320nm alone is seen, which is ascribed to the charge trans-
fer process from the valence band formed by the 2p orbitals of
the oxide anions to the conduction band formed by the 3dy,
orbitals of the Ti** cations [20]. With further irradiation, a shift
in the absorption maximum was observed and a broad absorp-
tion band centered around 370nm was seen which could be
attributed to the surface plasmon excitation for silver colloids
[21].
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Fig. 2. XRD patterns of: (A) TiO2; (B) Ag-TiO,.

3.2. Adsorption of RY-17 under dark condition over the
different catalysts

The decrease in the concentration of RY-17 with time on
stream under dark condition has been observed (Fig. 5). How-
ever, RY-17 gets strongly adsorbed on Ag-TiO; than on TiO».
Similar trend was also observed by Yuexiang et al. for Pt/TiO,
[22].

3.3. Comparison of photocatalytic activities of different
catalysts towards the degradation of RY-17

Fig. 6 a and b show the effect of time on stream on the
decolourisation of RY-17 with Ag/TiO;, TiO, nanosol, Degussa
P-25 catalysts under visible and UV light irradiations. Among
the catalysts tested, Ag/TiO, was found to exhibit a very high
photocatalytic activity under both the light sources when com-
pared with TiO;. The Ag/TiO, catalyst showed 25% increase
in decolourisation as compared to pure TiO; nanosol and P-25
showed further lower activity than TiO, nanosol for the irra-
diation time of 2h. Under UV irradiation for about 3h, 15%

3]
ENG355 200.8KU R208K  28nm

Fig. 3. Transmission electron micrographs of Ag—TiO;.

increase in RY-17 photodecolourisation was accomplished with
Ag /TiO; as compared to pure TiO, nanosol and Degussa P-25.
Almost similar activity was achieved with both TiO, nanosol
and Degussa P-25 under UV light. These results implicit that
the photocatalytic activity of TiO; for the oxidative degrada-
tion of RY-17 is enhanced by Ag deposition under both UV and
visible irradiations.

The decrease in total organic content (TOC) of the dye solu-
tion with time during the photodegradation of the dye is shown
in Fig. 7. TiO; nanosol showed nearly 35% TOC removal under
both the light sources. However, when Ag/TiO, catalyst was

2.0f

Irradiation (min)
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0 I = . ]
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Fig. 4. The change in the optical absorption of TiO; in the presence of AgNO3
under illumination.
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Fig. 5. Comparison of adsorption of RY-17 on TiO, and Ag/TiO; under dark
conditions.

@ 100 o

00 /
804 /
1 L ]
c 704 /
.8 4
§ 60+ /
‘5 4
O 504
§ J
3 404
= ]
S 304
204 —O— AgQITIO,
1 —e— TiO,nano sol
'10—
| —4A— P-25 degussa
0 T T T T T
0 20 40 60 80 100 120
Time ( min)
(b)
1004 /o
L ]
804 /

. ///x/‘
. e
A

20+ —O0— Ag-TiO,

% Decolourisation
B
o
1

— ®—TiO, nano

— A — P25 degussa

= 1 " 1 . 1 " 1 " 1 ¥ 1 . 1 " 1 * 1 * 1
0 20 40 60 80 100 120 140 160 180 200
Time (min)

Fig. 6. (a) Comparison of photodecolourisation RY-17 on Ag-TiO,, TiO»
nanosol, P-25 Degussa under visible light. (b) Comparison of photodecolouri-
sation of RY-17 on Ag-TiO,, TiO, nanosol, P-25 Degussa under UV light.
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Fig. 7. Variation of TOC in the degradation of RY-17 on different catalysts.

used, 100% TOC was removed under visible and 88% TOC
removal was achieved under UV at 6 h. This observed enhance-
ment with Ag/TiO; catalyst for RY-17 degradation under visible
and UV light might be ascribed to the co-operative roles of Ag
deposition on TiO» nanosol.

The enhanced activity of Ag may be attributed to the elec-
tronic interaction occurring at the contact region between the
metal deposits and the semiconductor surface. This may cause
the removal of electrons from TiO; into the vicinity of the
metal particle resulting in the formation of Schottky barriers
leading to charge separation [23]. The Ag deposits act as elec-
tron traps immobilizing the photogenerated electrons in the traps
and shortly transferring them to oxygen to form highly oxida-
tive species such as O, ™. This type of electron scavenging by
Ag-metal is reported to be a faster process compared to the
electron transfer to oxygen (or) recombination with holes [24].
Since, the trapping of electron by Ag metal from TiO, occurs at
a faster rate when compared to the electron transfer from TiO,
to Oy [25], enhanced degradation of the dye has been observed
since the recombination of e~ /h* pair was prevented.

3.4. Variation of the photocatalytic activity of Ag deposited
TiO2 under visible and UV irradiations

Both dye sensitization and adsorption onto the catalyst sur-
face occurs under visible light irradiation. The deposition of Ag
on TiO; causes more adsorption of RY-17. This is also supported
by the adsorption data as shown in Fig. 5. More adsorption of
RY-17 enhances the transfer of photoexcited electron from the
visible light sensitized RY-17* to the conduction band of TiO,.
Sequentially, electron transfer to oxygen occurs via Ag-traps. In
addition, the rate-determining step in photocatalytic oxidations
is believed to be the electron transfer from Ag-TiO; surface to
the adsorbed oxygen [26]. Thus, the RY-17 adsorption as well as
charge separation becomes vital for the photodegradation under
visible light irradiation whereas under UV irradiation, sensiti-
zation of TiO, takes place. Therefore less adsorption of RY-17
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onto Ag-TiO, surface takes place which may responsible for
the decrease in the photodegradation process. Thus the charge
separation alone is believed to be the key factor for the efficient
degradation of RY-17 under UV irradiation.

Thus, enhanced degradation under visible light when com-
pared to UV may be ascribed to the combined effects of enhanced
adsorption of RY-17 on Ag/TiO; surface and Ag deposits acting
as electron traps leading to better electron excitation. However
under UV irradiation, Ag deposits act only as electron traps
leading to slight enhancement in the Ag/TiO; activity.

3.5. Kinetics of decolourisation of RY-17

The influence of initial concentration of RY-17 on the photo-
catalytic decolourisation rate is described by pseudo-first order
kinetics involving Langmuir—Hinshel wood model:

R— —dCy _ k:KCy
T dr T 14+ KG

ey

where R represents the initial rate of disappearance of the RY-17,
Cy the initial concentration, K the equilibrium constant for the
adsorption of the dye on TiO; and k; reflects the limiting rate
of the reaction at the maximum coverage at the experimental
conditions.

On integrating Eq. (1):

1 Co Co—C
t= In{— )+ 2
ke K C ky
where ¢ is the time in min required for the degradation of dye
from initial concentration (Cp) to equilibrium concentration C.

At low initial concentration of the dye, the second term in the
Eq. (2) becomes insignificant and hence it can be neglected [27]:

Co

In (C> — kK = K1 3)

where k' is the apparent rate constant (min~!) of the photode-
colourisation.
When =1/, and C/Cy=0.5, the Eq. (2) can be modified as

0.5Cy n 0.6932
ky ke K

tiyp = 4
The plot of 0.5C vs. t1/2 gave a straight line for both UV and
visible source as shown in Figs. 8 and 9 with the slope equal
to 1/k; and the intercept equal to 0.6932/k.K [28,29]. The k;
and K values were calculated and found to be 0.0357 M min~!
and 0.5003 M~! for UV and 0.0529 M min~! and 0.50031 M~!
for sunlight respectively. The product of equilibrium constant
K and the limiting rate of reaction k; at maximum coverage
for the experimental conditions are 1.786 x 10~2min~! and
2.5023 x 102 min~! for UV and visible irradiations, respec-
tively. This product represents the apparent rate constant &’
for very small initial concentrations of the dye and this value
was found to be in agreement with the value obtained for the
initial concentration of 1 x 107*M of dye (kiyy = 1.3592 x
10~ 2 min~! and &/ =2.0388 x 10~2min).
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Fig. 8. Plot of #1/, vs. initial concentration of RY-17 under UV light.

3.6. Effect of pH

The variation in the percentage degradation as a function of
pH is shown in Fig. 10. It has been observed that degradation
increased up to neutral pH and decreased thereafter for both visi-
ble and UV light. Maximum degradation was obtained at pH="7
and 8 under UV and visible light, respectively. At pH 7-8, the
available hydroxyl ions are easily oxidised to form hydroxyl
radicals, which in turn may be responsible for the degradation
of the dye. At low pH values (pH < 5) the photodegradation of
RY-17 was retarded under both UV and visible sources by the
high concentration of the protons that hold high affinity for the
hydroxyl anion preventing the formation of hydroxyl radicals.
As there are no free hydroxyl ions, the formation of hydroxyl
radicals is not possible. Therefore photodegradation decreased
at low pH or decrease in the photo degradation may also be due
to the dissolution of TiO, at highly acidic conditions. Similar
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Fig. 9. Plot of #1/, vs. initial concentration of RY-17 under visible light.
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Fig. 10. Effect of pH on the photodecolourisation of RY-17.

results were also reported in the photocatalysed degradation of
azo dyes [30-32]. However, at high pH values (pH 9-13) the
degradation efficiency declined due to the columbic repulsion
between the anionic dye surface and the hydroxyl anions, hence
they do not have the opportunity to react with the dye molecules
[33]. Thus it was deduced that the efficient condition for pho-
todegradation of RY-17 was at neutral pH and this condition has
been maintained through out the experiment.

3.7. Effect of substrate concentration on the degradation of
RY-17

The effect of initial concentration of RY-17 on the photocat-
alytic decolourisation was investigated over the concentration
range from 1 x 107> to 5 x 107> M with constant weight of
the Ag-TiO, catalyst (1.5gL~"). Fig. 11 shows that percent-
age decolourisation decreases as the initial concentration of the
dye increases under both UV and visible light illumination. The
degradation rate is directly proportional to the probability of for-
mation of hydroxyl radicals (OH) on the catalyst surface and the
probability of hydroxyl radicals reacting with the dye molecules
[34]. As the initial concentration of the dye increases, the inter-
action of OH radical with dye decreases. Further, increase in
concentration also reduces the light penetration and the rel-
ative formation of hydroxyl radicals and super oxide radical
anions decreases leading to the decreased photo degradation
efficiency.
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Fig. 11. Effect of substrate concentration on the photodecolourisation of RY-17.
3.8. Recycling of Ag-TiO> catalyst

In order to test the efficiency of used Ag—TiO; catalyst, exper-
iments were carried out with 1 x 107 M concentration of RY-17
with a catalyst loading of 1.5gL™! of the dye solution under
both UV and visible irradiations. After the completion of the
degradation, the Ag-TiO; catalyst at the end of the I cycle was
collected and utilized for the II and III cycles for the same initial
concentration of RY-17. The first order rate constants of reac-
tions using I, II, III recycled Ag/TiO, are given in Table 1. The
decrease in activity of Ag-TiO; is not to a greater extent even
at the end of III cycle under both visible and UV light for the
illumination period of 6 h. In the light of the research findings
it was deduced that Ag-TiO, could be recycled at least thrice
without much decline in efficiency.

3.9. Effect of hydrogen peroxide

Since hydroxyl radicals play an important role in photocatal-
ysis, electron acceptors such as hydrogen peroxide was added
to the dye solution (2 x 1075 M) in the concentration range
0-20mM L~ of dye to inhibit (e~/h*) pair recombination and
to enhance the formation of hydroxyl radicals Eq. (6):

TiOye-) + H202 — TiO; + OH™ + OH® (5)

Since hydrogen peroxide is a better electron acceptor than
molecular oxygen, it could act as an alternate for oxygen and

Table 1
Effect of catalyst recycling on rate constant (k, min~")

Uuv Visible

Calculated Observed Calculated Observed
I-Cycle 1.786 x 1072 1.3592 x 1072 2.5023 x 1072 2.0388 x 1072
II-Cycle 1.2815 x 1072 1.0563 x 1072 2.3698 x 102 1.9870 x 1072
MMI-Cycle 1.1254 x 1072 0.9563 x 1072 1.1458 x 102 1.0760 x 102
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Fig. 12. Effect of H,O, on the photodecolourisation of RY-17.
hence enhanced degradation was observed (Fig. 12). Up to
10mM concentration of H>O;, the degradation was signifi-
cantly increased and after that a decline in degradation was

observed. This is because at high dosages, H>O, acts as a pow-
erful hydroxyl scavenger [35] as shown in Egs. (6) and (7):

H,0, +OH  — HO, +H,0 (6)
HO," + OH — H,0 + O, (7

Thus it is clear that addition of HoO; up to 10 mM concentration
showed a beneficial effect on the photocatalytic degradation of
RY-17.

3.10. Effect of potassium persulphate
The rate and efficiency of photoassisted degradation of RY-17

were significantly improved by persulphate ions. The effect of
persulphate ions on the degradation of RY-17 was investigated
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Fig. 13. Effect of K»S,0g on the photodecolourisation of RY-17.

by varying its amount from 0 to 2 g L ™! of dye solution and the
results are shown in Fig. 13. As shown in Eq. (8) the reactive
radical intermediate SO4~ formed from K;S,0g exerts a dual
function as a strong oxidant and as an electron scavenger, thus
inhibiting (¢~ /h*) recombination at the semiconductor surface
[36]:

$208%" +ech)” — SO4 ~ +S04°" (8)

Since, the sulphate radical anion is a strong oxidant it removes
an electron from neutral molecule like water and generates
hydroxyl radical as shown in Eq. (9):

S04~ +H,O — OH  +S04>~ +H* 9)
4. Conclusion

The results of our study emphasize the role of Ag-deposits in
enhancing photocatalytic activity of TiO, under both UV and
visible light irradiations. Since the nanosized metallic silver
particles on TiO, surface enrich the accumulation of electrons,
better charge separation is accomplished by Ag-TiO; compared
to bare TiO;. The significant enhancement of the photocatalytic
activity of the Ag—TiO; under visible light irradiation can be
ascribed to simultaneous effects of Ag deposits, which act as
electron traps and enhanced adsorption of RY-17 on Ag-TiO,
surface. Further, the degree of degradation of RY-17 was influ-
enced by pH and initial dye concentration. Neutral pH was found
to be the best for carrying out the photocatalytic degradation
of RY-17. The addition of hydrogen peroxide and potassium
per sulphate improves the photodegradation rate. However, at
high concentration of HyO,, quenching of the hydroxyl rad-
icals occurred and therefore decrease in photodecolourisation
was observed. Further kinetic studies reveal that the photode-
colourisation followed pseudo-first order kinetics with respect
to dye concentration. Calculated and observed k' values were
also consistent with each other.
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