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ABSTRACT

Heterogeneous photocatalytic wastewater treatment using TiO2 is a well-accepted technique
under UV light illumination. Different strategies are employed to modify TiO2 for shifting
its photo-response to the visible light. In this work, Ag-doped TiO2 nano-composites were
synthesized by UV photo-reduction method to narrow down the band gap energy. Further,
dye sensitization was performed using Eosin Yellowish to find out its influence on phenol
decomposition. Synthesized catalysts were characterized using diffuse UV–vis spectroscopy,
Fourier transform infrared spectroscopy, X-ray diffraction, transmission electron microscopy
(TEM), Brunner Emmer Teller (BET) area and zeta-potential measurements. Nanowire like
structure was observed with 30–70 nm in diameter from TEM images. BET surface area was
decreased considerably with Ag-doping (maximum 31.6%) and dye sensitization (40.6%).
Ag concentration and solution pH showed dramatic impact on phenol decomposition with
maximum 87% at pH 7, Ag-loading 1% (w/w) and catalyst dose 0.5 g L−1. Practically no
positive synergy was noted with dye sensitization even though the photo-responses were
moved intensely to the visible region. The pseudo-first order kinetic exhibited sound agree-
ment to the experimental results with correlation coefficient ≥0.98. Moreover, the enhance-
ment of biodegradability is investigated in terms of biochemical to chemical oxygen
demand.
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1. Introduction

Phenol and phenol-derivatives are common in vari-
ous industrial effluents such as coal gasification [1],
olive oil production [2] and petrochemicals [3]. Acti-
vated sludge process gives inefficient degradation of
phenol and phenol derivatives due to toxic and inhibi-

tory effects to microorganisms [4,5]. Phenolic effluent is
usually characterized by low biochemical oxygen
demand to chemical oxygen demand (BOD/COD) [6].

Advanced oxidation processes (AOPs) are most
attractive for the decomposition of phenolic compounds
[6,7]. AOPs take place both in homogeneous and
heterogeneous reacting systems, in light and dark [8].
The common features of all the processes are generation
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of highly reactive hydroxyl free radicals (HO�). It causes
consecutive unselective degradation of organic com-
pounds leading to complete mineralization [9].

In heterogeneous photo-catalytic processes, light
energy is employed to excite semiconductor materials,
used as photo-catalyst, to produce electron/hole
(e−/h+) pair [10,11]. The most common photo-catalyst
is titania (TiO2) for water decontamination studies [9].
The main advantages of TiO2 photo-catalysis are: (i)
treatment can be performed at ambient condition, (ii)
hydroxyl radical (HO�

ad) formed could cause complete
mineralization, and (iii) catalyst is less expensive, non-
hazardous, stable and reusable [12]. However, TiO2 is
proven to be effective in UV light and only 5% of solar
spectrum is available in the band gap energy of TiO2.
It implies that typically about 0.04% of solar photon is
effective in TiO2 photo-catalytic reaction considering
the collector efficiency of 75% and catalyst efficiency
of 1% [13]. Nevertheless about 40% of the sunlight is
in the visible range (400–700 nm). Numerous efforts
have been made to improve the photo-responses of
TiO2 in visible light. It includes doping with metal
and non-metal materials or combining with another
semiconductor of lower band gap energy [14,15]. Dye-
sensitization of TiO2 is another technique in which the
catalyst is sensitized to the visible region with the help
of a pre-adsorbed dye. Excited dye molecules upon
illumination of visible light insert electron into the
conduction band of TiO2. However, dye-sensitization
process suffers from rapid recombination of e−/h+

pair leading to poor catalyst activation [10]. Various
dyes, namely, Eosin Y [10], porphyrin–Cu(II) [16],
N719 [17], etc. have been used to change the spectral
responses of TiO2. Dye sensitized metal-doped TiO2 is
usually employed for simultaneous H2 generation by
water splitting and decomposition of organic materials
[10]. However, there is lack of information on the role
of dye sensitization over metal-doped TiO2 for the
degradation of contaminants.

A study is undertaken to uncover the necessity of
dye sensitization of Ag-doped TiO2 employing Eosin
Y (EY), an anionic dye, for phenol degradation. The
main objectives are to (i) synthesize Ag-doped TiO2

(TiO2/Ag) by photo-reduction method, (ii) sensitize
TiO2/Ag using EY (TiO2/Ag/EY), (iii) characterize
fabricated catalyst using Brunner Emmer Teller (BET),
Fourier transform infrared spectroscopy (FTIR), solid-
UV/Vis spectroscopy, TEM, X-ray diffraction (XRD)
and zeta-potential analyses, and (iv) study the photo-
catalyst activity in terms of phenol decomposition.

2. Materials and methods

2.1. Reagents

Eosin yellow (EY) dye (90% w/w purity) was
obtained from Loba Chemie Pvt. Ltd., Mumbai.
AgNO3 (99% w/w purity), KBr (99.5% w/w purity)
and H2SO4 (99% v/v purity) were procured from
Merck, India. Titanium dioxide (99.5% w/w purity),
NaOH pellets (99% w/w purity), and ethanol (98%
v/v purity) were purchased from Changshu
Yangyuan Chemical, China. Deionized water (DI)
(Millipore, USA, model: Elix-3) was used to prepare
all solutions and reagents.

2.2. Analytical techniques

Solid UV–vis spectrophotometer of Shimadzu,
Japan (model: Solid Spec 3700/3700DUV) was
employed to acquire the spectral absorbance of syn-
thesized catalysts. FTIR spectra were obtained using
FTIR spectrometer of Shimadzu, Japan (model: IR
affinity-1). KBr salt was dried at 110˚C for 2 h and the
sample at 99:1 (w/w) was mixed in a mortar and pes-
tle to record the spectra. XRD pattern was obtained
between 2θ angle from 10˚ to 80˚ (Bruker, Germany,
model: D8 Advance). BET surface area was measured
using BET instrument of Beckman Coulter,
Switzerland (model: SA 3100). Morphology and size
of catalyst particles were recorded using transmission
electron microscope (JEOL, USA, model: JEM 2100).
0.2 g catalyst was suspended in 50 mL acetone and
dispersed in an ultrasonic bath (Jeiotech Instruments,
Korea, model: UC-02) for 20 min to separate
individual particles. Zeta-potential measurement was
performed using Zeta-potential analyser of Beckman
Coulter, Switzerland (model: Delsa Nano-C particle
analyzer). Suspended catalyst was separated out by
filtration using 0.2 μm filter (Axiva Sichem Biotech,
India, model: C-129M) and pH was recorded before
zeta-potential measurement.

Phenol concentration was determined by colori-
metric method using a UV–vis Spectrophotometer of
Thermo Scientific, India (model: UV 2300). COD was
found out using closed reflux titration method. A
COD digester of HACH, USA (model: DRB 200) was
used for sample digestion. BOD was obtained follow-
ing the standard method [18]. Solution pH was mea-
sured using a precision pH meter of Eutech
Instruments, Malaysia (model: pH/ion 510).
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2.3. Catalyst synthesis

Ag-doped TiO2 (TiO2/Ag) nano crystals were syn-
thesized by photo-reduction method. 10.008 g of TiO2

was dispersed in an aqueous ethanol solution (etha-
nol/water = 30/270 v/v) with 0.027 g of AgNO3 to
obtain Ag-loading of 0.25% (w/w). Similarly, different
amount of AgNO3 was added into TiO2/ethanol–
water dispersion to synthesize TiO2/Ag at weight
percentage of 0.5, 0.75, 1 and 2. pH of TiO2/AgNO3

suspension was adjusted to 3 using 0.1 N H2SO4 and
dispersed for 30 min in the ultrasonic bath. The sus-
pension was left for 12 h in dark and then irradiated
under a 160 W high pressure mercury lamp of Starlite
(model: E27, India) for 2 h at 50 rpm on a magnetic
stirrer (stirrer bar: length 40 mm, / 0.8 mm) of
Tarsons, India (model: Spinnot) for the reduction of
Ag+ into Ag0. TiO2/Ag particles were separated out
by centrifugation (Remi, Mumbai, model: R-23) at
5,000 rpm for 30 min and washed with DI water. It
was then dried for 12 h at 100˚C in the hot air oven
and grinded in the mortar and pestle. The fabricated
TiO2/Ag was stored in dark air tight container till
characterization and catalyst activity test.

Dye sensitization of TiO2/Ag-1.0 was carried out
with 10 g in 200 mL EY solution (100 mg L−1) with
gentle stirring at 50 rpm for 12 h in dark. Catalyst
particles were filtered out and washed with anhydrous
ethanol to remove loosely adsorbed dye, if any. It was
then dried at 100˚C for 12 h and kept in dark to avoid
catalyst de-activation. EY sensitized TiO2/Ag-1.0 is
designated as TiO2/Ag-1.0/EY.

2.4. Phenol decomposition experiment

A cylindrical borosilicate glass vessel (1 L) was
used as the reactor in batch mode. Experiment was
carried out with 400 mL phenol solution at a fixed
catalyst dose. pH was adjusted using 0.1 N H2SO4

and/or NaOH. Catalyst was dispersed in the test solu-
tion in the ultrasonic bath for 10 min and it was then
kept in dark for 60 min to equilibrate phenol adsorp-
tion. A sample of about 5 mL was taken to determine
the initial phenol concentration prior to illumination
of light. Catalyst particles were separated by filtration.
A visible lamp of 200 W (Bajaj, India) equipped on the
top of the reactor (about 20 cm above solution) was
used for reaction [12]. The solution was agitated at
100 rpm on the magnetic stirrer. The temperature was
maintained at 25 ± 2˚C with suitable cooling arrange-
ment. Intermediate samples were withdrawn, catalyst
particles were separated out and clear liquid was ana-
lyzed for phenol concentration. COD and BOD were
determined at the end of experimental run (after 3 h)

as both phenol and its oxidation products namely,
cresol, hydroquinone and p-benzoquinone are toxic in
nature [19,20].

3. Results and discussion

3.1. Catalyst characterization

3.1.1. Spectral absorbance of synthesized TiO2/Ag and
TiO2/Ag–EY

The enhanced photocatalytic activity of TiO2 by Ag
deposition is due to enhancement of e−/h+ separation
and subsequent transfer of trapped electron to
adsorbed O2 acting as an acceptor [17]. Fig. 1 shows
the spectral responses of synthesized Ag-doped tita-
nia. Ag-doping gradually increased the absorbance in
the visible region with Ag-loading from 0.25 to 1%
(w/w). The number of active sites could capture
photo generated electron probably fell down with
further increase in Ag percentage i.e. for 1.5 and 2%
(w/w) Ag-doping [21]. EY sensitized Ag-doped TiO2

(TiO2/Ag-1.0/EY) showed the highest absorbance
with a maxima at 450 nm due to dye coloration. The
improvement in absorbance of EY sensitized TiO2

(TiO2/EY) (Fig. 1) was not as high as TiO2/Ag-1.0/
EY. It implies a better photoactivity of TiO2/Ag-1.0/
EY over TiO2/EY in the visible wavelength of light.

3.1.2. FTIR spectra

Infrared spectra provide important information on
bonding nature of TiO2 and EY dye by identifying the
characteristic stretching frequencies. A strong broad

Fig. 1. Spectral absorption of fabricated photo-catalysts
with wavelength.
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band near 3,325 cm−1 could be attributed to the stretch-
ing vibration of –OH group and interlayer water mole-
cules (Fig. 2). This is mainly caused by Ti–O–H
stretching vibration. The band near 1,460 cm−1 can be
allocated to bending vibration of H–O–H bond on
TiO2. Jeffrey and Cheng [22] reported that the band
near 1,630 cm−1 is due to bending vibration of H–O–H.
It evidences formation of strong H-bond (H–O–H) due
to surface adsorbed water and –OH groups. Ag-doping
of TiO2 increased surface-adsorbed water and
–OH groups. Ti–O band was shifted from 790 to
760 cm−1 because of asymmetrical stretching vibration
of Ti–O–Ag. The evidence of EY adsorption on TiO2

surface can be obtained by acquiring the vibrational
spectra of EY molecules at the interface [23]. The band
at 3,325 and 1,460 cm−1 are assigned to –OH and C=O
stretching of free –COOH and –OH groups. It
completely disappeared after EY adsorption on TiO2

suggesting EY adsorption on TiO2 via its –COOH
group. A broad band appeared at 1,350 cm−1 can be
assigned to scissoring mode of water molecule.

3.1.3. X-ray diffraction patterns

The XRD pattern of AgNO3, TiO2, TiO2/Ag and
TiO2/Ag/EY were acquired to identify the crystalline
phases. The results between 2θ angles from 20˚ to 80˚
are shown in Fig. 3. The diffraction patterns were
found to be similar to the crystal structure of TiO2.
TiO2 showed both crystalline structures of anatase
(2θ = 25.4˚, 37.8˚, 48.1˚, 55.1˚, 68.8˚, 70.4˚, 74.9˚) and
rutile (2θ = 26.7˚, 36.5˚, 54˚, 62.9˚) [24]. TiO2/Ag and

TiO2/Ag/EY exhibited similar crystal structures of
TiO2. Ag+ would bind with TiO2 via an ion-exchange
or coordination reaction [24]. It could function as a
nucleation precursor thus the anatase and rutile
phases are interchanged at 25.4˚ and 26.7˚ for 0.25%
Ag loading as compared to bare TiO2. However, the
intensities of peaks at 2θ = 25.4˚, 26.7˚, 37.8˚, 48.1˚ and
55.1˚ reduced a bit with increase in Ag-loading from
0.5%. In fact, the XRD patterns did not follow any
consistent trend with increasing Ag-loading. The
intensity of two primary peaks at 2θ = 25.4˚ and 26.7˚
correspond to anatase and rutile phases [25,26]
reduced at higher Ag-loading (>5%). No phase transi-
tion was also observed. The characteristic peaks of Ag
phase were not visible even for 1–2% of Ag-loading
probably due to high its dispersion on TiO2 [27,28].

3.1.4. TEM analysis

The shape and size of TiO2/Ag-1.0/EY nanoparti-
cles by TEM images are shown in Fig. 4. The compos-
ites appeared like nanowires with diameter size
varying from 30 to 70 nm. The surface of TiO2/Ag-1.0/
EY nanoparticles was quite smooth and Ag-nanoparti-
cles were uniformly deposited on TiO2 surface. The
close interconnections among the TiO2/Ag-1.0/EY
nanowires can be observed from TEM images. TiO2/
Ag0 particles were probably formed at the beginning
and Ag0 could diffuse at the interfaces of TiO2/Ag0

segments due to generation of heat under UV light
irradiation. Likewise nanowire-like structures were
formed [29]. The Ag heads of nanowires were further
connected leading to formation of nanowire network
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Fig. 2. FTIR spectra of bare TiO2, EY and synthesized
photo-catalysts.

Fig. 3. XRD patterns of AgNO3, TiO2, and fabricated
photo-catalysts.
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and, the interconnected nanowires could help the trans-
fer and segregation of photo-generated e−/h+ pair [30].

3.1.5. BET area

The catalyst samples were degassed at 200˚C prior
to N2 adsorption. Ag-doping led to decrease in BET sur-
face area from 15.77 to 9.36 m2 g−1. Fig. 5 displays
almost a linear reduction of BET surface area with dif-
ferent loading percentage of Ag. Photo-reduction of Ag
probably would have compacted TiO2 nano-particles.
The surface area of TiO2 decreased by about 31.6% with
1% Ag-loading and it was 40.6% with EY sensitization
with respect to the raw TiO2. A reference (or treated)
TiO2 was prepared following the same procedure of
Ag-doping, however, without Ag to understand the
effect of the procedure on BET area. Marginal change
was noted for treated TiO2 in comparison to raw TiO2

(Fig. 5). Cheng et al. observed about 78% reduction in
BET surface area of TiO2 with Ag doping (pore volume
0.12) by vapor-thermal method [30]. Surface fluorina-
tion caused as high as 38% decrease in BET area of TiO2

with atomic ratio of 1.0 [31].

3.1.6. Zeta-potential (ζ)

The surface of TiO2/Ag and TiO2/Ag-1.0/EY
particles is positively charged below the point of zero
charge (pHzpc) and carries negative charge above it.
The variation of zeta-potential (ζ) of Ag-doped TiO2 is
shown in Fig. 6. ζ of bare TiO2 varied 15 to −17.6 mV
for pH from 4 to 8 with pHzpc of 6.3. The surface
adsorbed −OH groups gave negatively charged sur-
face of TiO2 in the aqueous media [32]. It is also
clearly supported by FTIR spectra. The surface
becomes positively charged due to adsorption of pro-
ton (Eq. (1)) [33]. The value of ζ was more negative

with increase in pH and similarly it became more
positive with decrease in pH from pHzpc. It varied
from 6.1 to 6.4 with Ag-doped TiO2. EY pre-adsorp-
tion did not much influence pHzpc but ζ showed
strong dependency on pH at the same Ag-loading. It
implies that EY pre-adsorption facilitated proton and
OH− adsorption at lower and higher pH. The variation
of ζ with TiO2/Ag-1.0/EY was fairly similar to that of
TiO2/Ag-2.0. The negatively charged TiO2/Ag and
TiO2/Ag-1.0/EY particles resist them from forming of
aggregates due to electrostatic repulsion at higher pH.
The stability of particles increases when the value of ζ
is more negative [34] i.e. higher Ag-loaded and EY
sensitized particles were more stable at higher pH. ζ
varied from −18 to −38.5 mV at pH 8 signifying that
the particles were well dispersed in aqueous medium.
The same were found to be between 13 and 22 mV at
pH 4 (Fig. 6). It implies that the synthesized TiO2/Ag
and TiO2/Ag-1.0/EY particles opposed against
destabilization at lower pH. As a result the value of ζ
did not increase much at pH 4 compared to pH 8.

TiO2 � OHþHþ $ TiO2 � OHþ
2 (1)

3.2. Photo-activity of synthesized catalyst and
determination of optimal condition for phenol decomposition

3.2.1. Effect of Ag-loading in TiO2 doping and EY
sensitization for phenol degradation

The performance of synthesized Ag-doped TiO2

with Ag-loading and EY sensitization for phenol
decomposition is shown in Fig. 7. It was found that
phenol degradation under visible light irradiation
increased with Ag-loading up to 1% (w/w) starting
from 0.25% (w/w). About 87% phenol degradation

Fig. 4. TEM image of TiO2/Ag-1.0/EY nanowires.
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was achieved using TiO2/Ag-1.0 against 53% with
TiO2/Ag-0.25. The reason is that Ag could enhance
e−/h+ separation resulting in improved photocatalytic
activity under visible light. It facilitates formation of
(O��

2 ) and �OH by reacting with water and oxygen on
the catalyst surface. Furthermore, it is in line with
variation of absorbance (Fig. 1). However, lower phe-
nol degradation 73% was achieved using TiO2/Ag-2.0.
Higher Ag-loading could enhance the recombination
of e−/h+ pair. Dye sensitization of TiO2/Ag-1.0 gave
only 3% improvement in phenol degradation (Fig. 7).
The value of LUMO energy level of dye is more nega-
tive than one of conduction band of TiO2 as shown in
Fig. 8. It implies that electron transfer to the conduc-
tion band initiated by dye sensitization under visible
light illumination did not exhibit additional phenol
decomposition with 1% (w/w) Ag-loading of TiO2/
Ag-1.0/EY. Hence, the subsequent studies were
carried using TiO2/Ag-1.0 and TiO2/Ag-1.0/EY.

3.2.2. Effect of pH

Fig. 9 shows the effect of pH on phenol decom-
position at the end of irradiation of 2 h. It was found
that phenol degradation was about 2–7% more with
TiO2/Ag-1.0/EY for the pH from 3 to 7. TiO2/Ag-1.0
superseded the performance TiO2/Ag-1.0/EY at pH
≥9.0. The adsorption and degradation of phenol
depends on the surface charge of synthesized catalyst.
The amphoteric behaviour of TiO2 nanoparticles influ-
ences the surface charge of the photocatalyst. pH of
the solution mostly controls the surface charge [35]
and could also shift the position of redox reaction

[32]. The following two equilibriums could take place
(Eqs. (2) and (3)) due to amphoteric nature of TiO2.

Ti–OHþOH� ¼ Ti–O� þH2O (2)

Ti–OHþHþ ¼ Ti–OHþ
2 (3)

The surface of catalyst particle became positively
charged in acidic medium and it is negatively charged
at pH ≥ (6.1–6.4) (Fig. 6). EY would have strongly
affinity to be adsorbed on the surface below pHzpc

being anionic in nature. On the other way it implies
that EY dye could not desorb from the catalyst surface.
�OH could react with proton at lower pH (Eq. (4))
forming hydronium cation which is resulted in lower
phenol degradation. Lower phenol removal also may
be because of reduction in color intensity of EY dye at
this pH. Maximum phenol degradation was noted at
pH 7 with both the catalysts. TiO2/Ag-1.0/EY exhib-
ited 90% removal against 87% with TiO2/Ag-1.0.
Higher pH caused desorption of EY and it eventually
prevented the penetration of light into the solution due
to coloration. Moreover, high pH could scavenge �OH
leading to lower phenol degradation. It is necessary to
mention that EY dye could undergo self-sensitized
degradation under visible light illumination (>420 nm)
over the period of reaction time [36].

�OHþ 2Hþ $ H3O
þ (4)

3.2.3. Effect of catalyst dosage

The effect of the amount of catalyst on the removal
of phenol was found to be significant. The variation in
phenol decomposition at different catalyst dosages was
determined in the range of 0.1–0.9 g L−1. The results
are shown in Fig. 10. Removal efficiency rose with
increase in concentration of catalyst and then it
decreased after a limiting value. This is due to the fact
that the increase in the number of TiO2 particles
increase the number of photons absorbed and
consequently phenol degradation. Aggregation of free
catalyst particles could occur at high catalyst
concentration which was resulted in decrease in the
number of active sites. Further, the excessive opacity
and screening effect of TiO2/Ag-1.0 and TiO2/Ag-1.0/
EY at high catalyst dose could hinder light penetra-
tions. It decreases the available surface area for light
harvesting. As a result the catalytic activity is reduced.
There was a loss of 10% phenol degradation for both
the catalysts with increase in dose from 0.5 to 0.9 g L−1

i.e. with 80% more catalyst concentration.

Fig. 5. BET area of Ag-doped and dye sensitized catalysts.
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3.2.4. Kinetics of phenol decomposition

It was found that the mass transfer effect on the
kinetics of phenol decomposition was negligible at
≥100 rpm (results not shown). The rate of phenol
degradation indeed followed the pseudo-first order
kinetic model (Eq. (5)) (Fig. 7). The best fit parameters
at various experimental conditions using the synthe-
sized photocatalyst for phenol degradation are
summarized in Table 1. The correlation coefficient (R2)
was found to be ≥0.98 for all the cases. The lowest
rate constant (k) of 3.8 × 10−3 min−1 was determined
with raw TiO2 at pH 7 with 0.5 g L−1. There was about

2.8 to 3-fold increase in k at pH 7 than the same at pH
3, 5 and 11 using TiO2/Ag-1.0. The corresponding
value of k was 2.86 × 10−3, 3.48 × 10−3 and
2.39 × 10−3 min−1, respectively. The rate contact, k, was
about 10% higher with TiO2/Ag-1.0/EY than TiO2/
Ag-1.0 even though phenol decomposition only 3%
more. The rate of phenol degradation using TiO2/Ag-
1.0 outperformed TiO2/Ag-1.0/EY at pH ≥9 due to
enhanced EY desorption. k reduced by about 20 to
29% at pH 9 and 11 with TiO2/Ag-1.0/EY. However,
the rate was always faster with TiO2/Ag-1.0/EY at
different catalyst doses (0.1–0.9 g L−1) at pH 7. Anto-
nopoulou and Konstantinou [37] obtained the similar
results for k as 1.08 × 10−3 min−1 with TiO2 dose of
0.1 g/L at 40 min under simulated solar irradiation.
Abdullah et al. [38] reported that solar light activated
TiO2 process exhibited the rate constant of 3.37 × 10−3

and 1.42 × 10−3 min−1 for the decomposition of phenol
red and Rhodamine 6G, respectively, at neutral pH.
The pseudo-first order k well matched with the pre-
sent work for the degradation of ethyl orange dye
using TiO2 (99.9% anatase) and a high pressure
mercury lamp under aerobic condition [39]. They
found that k varied from 1.1 × 10−3 to 7.8 × 10−3 min−1

at various pHs (2–11).

Cphenol ¼ C0
phenol expð�ktÞ (5)

3.3. Biodegradability

BOD5/COD ratio is a significant indicator to study
the biodegradability nature of organic contaminants.
The contaminated effluent is easily biodegradable
when subjected to biological treatment with BOD5/
COD ≥ 0.4 [40]. Phenol is relatively non-biodegradable
in nature and BOD5/COD ratio of 0.18 was found

Fig. 6. Zeta-potential vs. pH of fabricated photo-catalysts.

Fig. 7. Phenol degradation vs. irradiation time using syn-
thesized catalysts. Catalyst 0.5 g L−1, pH 7, [Phenol]0
20 mg L−1, agitation speed 100 rpm and solution volume
400 mL.

EY

EY+

Vis
CB

VB

e-1

Ground state of EY
HOMO

Excited state of EY
LUMO

TiO2 EY dye

Fig. 8. Transition of electron from LUMO (dye) to CB of
TiO2.
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with 20 mg L−1 phenol (BOD5 10 and COD 55 mg L−1).
Partial oxidation could yield more biodegradable
products together with the destruction of inhibitory
effect towards microorganisms in the downstream
biological treatment. It also increases the overall

treatment efficiencies compared to the efficiency of
individual process.

The biodegradability index increased up to 0.55
and 0.65 after 2 h of visible light irradiation at pH 7
with 0.5 g L−1 catalyst using TiO2/Ag-1.0 and

Fig. 9. Phenol degradation with solution pH. Irradiation
time 2 h, Catalyst 0.5 g L−1, [Phenol]0 20 mg L−1, agitation
speed 100 rpm and solution volume 400 mL.

Fig. 10. Phenol degradation with catalyst dose. Irradiation
time 2 h, [Phenol]0 20 mg L−1, pH 7, agitation speed
100 rpm and solution volume 400 mL.

Table 1
Kinetic parameters of phenol decomposition using synthesized catalysts

Catalyst Catalyst dose (g L−1) pH k × 103 (min−1) R2

TiO2 0.5 7 3.8 0.99
TiO2/Ag-0.25 0.5 7 3.9 0.99
TiO2/Ag-0.5 0.5 7 4.14 0.99
TiO2/Ag-0.75 0.5 7 6.51 0.99
TiO2/Ag-1.0 0.1 7 3.89 0.98

0.3 7 5.98 0.98
0.5 7 10.67 0.99
0.7 7 9.05 0.98
0.9 7 7.73 0.98
0.5 3 2.86 0.99
0.5 5 3.48 0.98
0.5 9 6.56 0.99
0.5 11 2.39 0.98

TiO2/Ag-2.0 0.5 7 6.56 0.99
TiO2/Ag-1.0/EY 0.1 7 4.83 0.98

0.3 7 6.89 0.99
0.5 7 11.8 0.99
0.7 7 10.16 0.98
0.9 7 8.33 0.98
0.5 3 3.08 0.99
0.5 5 4.29 0.99
0.5 9 5.23 0.98
0.5 11 1.69 0.99
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TiO2/Ag-1.0/EY, respectively. It implies that treated
phenolic effluent is amicable for subsequent biological
treatment. Ksibi et al. [40] reported the increase in
biodegradability index from 0.05 to 0.56 for different
substituted phenols after UV/TiO2 treatment. BOD5/
COD of an industrial phenolic wastewater increased
from 0.2 to 0.5 after 240 min of reaction with immobi-
lized TiO2 nano particles [41]. Both TiO2/Ag-1.0 and
TiO2/Ag-1.0/EY also were as effective as photocat-
alytic ozonation of phenolic wastewater using UVA/
TiO2 [42].

4. Conclusions

Ag-doped TiO2 nano-composites and dye sensi-
tized TiO2 photo-catalyst were successfully synthe-
sized. The highest spectral absorbance was recorded
at 447 nm in case of EY sensitized TiO2 with 1%
(w/w) Ag-loading against the same at 535 nm with
Ag-doping only. Both Ag-doping and EY sensitization
reduced the BET surface area of TiO2 resulted from
TiO2 nanowire interconnections. Zeta-potential was
more dependent on pH over a wide range at higher
concentration of dopant metal as well as with EY sen-
sitization. Solution pH had significant effect on the
adsorption–desorption characteristics of phenol and
for its subsequent degradation. Maximum phenol
degradation took place at pH 7. The concentration of
Ag and catalyst dose gave highest phenol degradation
were of 1% (w/w) and 0.5 g L−1. Careful optimization
of dopant metal concentration would overcome the
need of dye sensitization and; it is only important
when hydrogen generation is considered. EY sensitiza-
tion marginally improved (max 3%) phenol degrada-
tion under visible light. The pseudo first order rate
constant was determined at different pH and catalyst
dosages and it varied from 1.69 × 10−3 min−1 to as
high as 11.8 × 10−3 min−1. The initial biodegradability
index of 20 mg L−1 was found to be 0.18. It increased
to 0.55 and 0.65 when 1% (w/w) Ag-doped TiO2 with-
out and with EY sensitization was used for phenol
decomposition.
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