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ABSTRACT

The photocatalytic activity of silver-doped TiO2 (Ag-TiO2) nanoparticles was studied by
photocatalytic degradation of lomefloxacin (LMF) using a photoreactor with a mercury lamp
(PHILIPS, TUV 8 W T5, Emax = 254 nm). The 1 and 2% silver-doped TiO2 nanoparticles were
synthesized by liquid impregnation (LI) method. The resulting nanoparticles were character-
ized by surface analytical methods such as X-ray diffraction (XRD), scanning electron micro-
scope (SEM), energy dispersive X-ray analysis and transmission electron microscope (TEM).
The study shows 2% Ag-TiO2 nanoparticles exhibited better results (95% degradation) in
1 h for the degradation of lomeofloxacin compared to 1% Ag-TiO2 and pure TiO2. XRD
analysis indicated that the crystallite size of TiO2 was 17.00 nm, while the crystallite size of
1% Ag-TiO2 and 2% Ag-TiO2 was 13.07 to 14.17 nm. TEM images show the particle size of
Ag-TiO2 nanoparticles were in the range 40–45 nm in length and 10–15 nm in breadth.
Pseudo-first-order rate constants were found to decrease with increase in pH. The effect of
UV intensity, catalyst dosage and initial concentration of LMF on the degradation rate were
also studied and elaborately discussed.
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1. Introduction

Advanced oxidation processes (AOPs) are tech-
niques designed for the degradation of harmful
organic contaminants which are resistant to conven-
tional and biological treatment methods. AOPs
depend on the generation of highly reactive radical
species such as OH� that decompose a number of

organic contaminants without being selective [1–3]
using chemical or light energy. The AOPs normally
involve a semiconductor photocatalyst activated by
UV or visible light resulting in partial or complete
mineralization of the organic molecules [4,5].

There are several studies related to the use of TiO2

in the photomineralization of pharmaceutical com-
pounds [6,7].

Titanium dioxide (TiO2), a metal oxide semicon-
ductor has been found to be one of the most*Corresponding author.
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effective photocatalysts due to its chemical structure,
biocompatibility, high efficiency low cost and optical
and electrical properties [8,9]. TiO2 has a band gap
of 3.2 eV that allows UV light to excite the valance
electrons into the conduction band leaving holes in
the valance band [10]. The high rate of electron–hole
recombination in TiO2, however, limits the efficiency
of the photocatalyst which can be prevented, to
some extent, by doping with noble metals such as
silver, gold, platinum [11]. The most important
advantage of the doping of silver on TiO2 is
improving the charge separation efficiency of the
TiO2. Moreover, the antibacterial action of silver,
particularly in the colloidal form, is also well
reported [12].

Lomefloxacin (LMF) is an antibacterial agent
which belongs to the fluoroquinolone family, it is
used to treat various bacterial infections, such as uri-
nary tract, bronchitis etc. Now-a-days, antibacterial
agents have been used in large amount for last few
decades; these agents enter in to the environment
through domestic sewage due to partial metabolism
in the human body [13]. The chemical structure of
LMF is given in Fig. 1.

However, no significant efforts have been made to
investigate the detailed degradation kinetics, which is
essential for the application point of view. Hence, we
have carried out a detailed study on the photocatalytic
degradation of LMF by Ag-TiO2 nanoparticles in aque-
ous medium examining various reaction parameters
such as pH, substrate and catalyst concentration,
intensity of UV light. In the present work, TiO2

nanoparticles were doped with silver using liquid
impregnation (LI) technique. These nanoparticles were
characterized by the techniques such as X-ray diffrac-
tion (XRD), scanning electron microscope (SEM),
energy dispersive X-ray analysis (EDX) and transmis-
sion electron microscope (TEM).

2. Experimental

2.1. Materials and methods

A stock solution of LMF (Gift sample from
Dr Reddy’s laboratories) was prepared by dissolving
appropriate amount of sample in double distilled
water. The TiO2 sample was purchased from Sisco
Research Pvt. Ltd, Mumbai 93. India (TiO2-Anatase).
AgNO3 purchased from HIMEDIA. The analytical
grade chemicals were used to prepare acetate (pH
4–5), phosphate (pH 6.0–8.5) and borate (pH 9)
buffers.

2.1.1. Instruments used

(1) For kinetic measurements, a CARY 50 Bio
UV–vis spectrophotometer (Varian BV, The
Netherlands) with temperature controller and
HPLC system (Agilent 1100 series, USA) were
used.

(2) For degradation study, a photoreactor with
mercury lamp (PHILIPS, TUV 8 W T5,
Emax = 254 nm) was used. The typical light
intensity illuminated on the surface of reaction
mixture was 4 mW/cm2.

(3) For UV light intensity measurements, an opti-
cal power metre (Newport 2936-C) and for pH
measurements, Elico pH metre models LI 120
were used.

(4) For characterization of nanoparticles, a Siemens
X-ray diffractometer (Cu source) (XRD) AXS
D5005 was used to identify the particle size of
the doped TiO2. The surface morphologies
were examined using a scanning electron
microscope (SEM) JEOL JSM 6360.

(5) The topography and particle size of Ag-TiO2

was measured using JEOL JEM-2010 TEM.

2.2. Photo catalyst preparation

2.2.1. LI method

500 mg of TiO2 was added to 100 ml deionized
water in a 500 ml Pyrex beaker. For silver doping 1
and 2% (molar ratio) of AgNO3 was also added to the
suspension. The resulting slurry was thoroughly
mixed by vigorous stirring and allowed to settle at
room temperature overnight. The liquid so obtained
was dried in an oven at 100˚C for 12 h to get rid of
any remaining moisture. The solid material resulting
from this step was calcined at 500˚C for 3 h in a muf-
fle furnace. This resulted in fine particles of Ag-TiO2

nanoparticles [14,15].
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Fig. 1. Chemical structure of lomefloxacin.
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2.3. The photocatalysis process

To investigate the photocatalytic degradation, a
known concentration of LMF solution and buffer was
taken in a Pyrex beaker. A dose of 100 mg/l 2%
Ag-TiO2 nanoparticles was added. Then, it was trans-
ferred in to the photoreactor and then kept under 8 W
UV lamps (Philips) with a wavelength peak at 254 nm
and of 4 mW/cm2 intensity with continuous stirring.
After every 15 min interval, the solution was taken
out and centrifuged at 2,000 rpm for 5 min. The
degradation of centrifuged solution was measured at
287 nm (ε = 27,209 L M−1 cm−1) using visible spec-
trophotometer (a CARY 50 Bio UV–vis spectropho-
tometer (Varian BV, The Netherlands)) and the degree
of mineralization was studied.

3. Results and discussion

3.1. Comparison of different photocatalysts

The rate of photo catalytic degradation of LMF
with UV, UV/TiO2, UV/(1%) Ag-TiO2 and UV/(2%)
Ag-TiO2 was studied. It is observed that the degrada-
tion effect of LMF treatment with UV/Ag-TiO2 was
more efficient than other two treatments namely UV
and UV/TiO2.

Effect of silver doping on anatase TiO2 was studied
by changing the percentage of silver from 1 to 2%
(mole ratio) an increase in the content of silver leads
to decrease in the particle size and increase in the
photocatalytic activity as shown in Fig. 2. Smaller
particle size increases surface area and higher content
silver may also favour separating charge carriers effi-
ciently, inhibiting the recombination of electron–hole
pairs, and thus increasing the photocatalytic activity

[16]. The photodegradation rate was highest with 2%
Ag-TiO2; hence, further studies were carried out with
2% Ag-TiO2.

3.2. Characterization of TiO2 and Ag-TiO2

The crystal phase of prepared nanoparticles was
identified using X-ray diffractometer as shown in
Fig. 3. The data indicates that the major phase of all
the prepared nanoparticles is anatase. The average
crystalline size of prepared nanoparticles was deter-
mined from the broadening of the anatase main
intense peak (1 0 1), using Scherrer equation (1), which
is shown in Table 1. Crystallite size of pure TiO2 is of
17.00 nm, while the crystallite size of Ag-TiO2 1% is
14.17 nm, Ag-TiO2 2% 13.07. Our results are in accor-
dance with earlier report [7], where Ag-TiO2

nanoparticles dimensions were reported in between 15
and 37 nm.

D ¼ 0:94k
b1=2 cos h

(1)

where D is the average crystalline diameter, λ is the
wavelength in angstrom, β is the line width at half-
maximum and θ is the Bragg angle.
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Fig. 3. XRD patterns of (a) undoped TiO2, (b) 1% and (c)
2% Ag-TiO2.

R.M. Kulkarni et al. / Desalination and Water Treatment 57 (2016) 16111–16118 16113



3.3. Surface morphology study

3.3.1. Scanning electron microscope

The SEM images have been used to characterize
the size, shape and morphologies of formed nanoparti-
cle clusters. It shows the non-uniform aggregates of
the Ag-TiO2 nanoparticles, which results in a high sur-
face area. (Fig. 4(a)–(c)) represents the SEM images of
the undoped and prepared Ag-TiO2 nanoparticles
[12].

3.3.2. Transmission electron microscope

TEM images show the heterogeneously dispersed
aggregates of Ag-TiO2 nanoparticles having cylindrical
shape crystalline structures which can be clearly
observed in (Fig. 5(a) and (b)). Dispersion of small
dark spots seen were presumed as Ag particles on
TiO2 nanoparticles with a particle size of approxi-
mately 10–15 nm in breadth and 40–45 nm in length.
It is revealed that the crystallite size of the synthesized
nanoparticles is close to that of TiO2 nanoparticles
obtained from XRD values.

3.3.3. Electron diffraction X-ray spectroscopy

EDX examination provides information on chemi-
cal composition of samples. Fig. 6(a) and (b) shows
that the prepared sample is mainly composed of Ti
and O with small amount of Ag that increases with
increase number of loading. Ag L peak was found,
but peak of Ag K cannot be detected because low elec-
tron accelerating voltage was applied [17].

3.4. Effect of photocatalyst loading

To study the effect of catalyst loading, different
amounts of catalyst were used from 50 to 250 mg/l
while keeping [LMF] and pH 4 constant. It has been
observed that initially the rate of photo degradation
increases up to 100 mg/l, beyond 100 mg/l the rate of
reaction almost constant (Fig. 7). This may be due to
the fact that as the amount of semiconductor was
increased in the initial state, the exposed surface area

of the semiconductor also increases, but after this
limiting value (100 mg/l) any increase in the amount
of semiconductor increases the turbidity of the solu-
tion and thus blocks UV irradiation for the reaction to
proceed, and therefore degradation starts decreasing
[18].

3.5. Effect of substrate concentration

The effect of variation of LMF concentration was
studied by taking different concentration of LMF from
8 × 10−5 to 28 × 10−5 mol dm3 by keeping other condi-
tion constant. It has been observed that with the initial

Table 1
Crystal size of undoped and Ag doped TiO2 nanoparticles
from Scherrer equation

Sl. no. Particles Particle size (nm)

1 Un doped TiO2 17.00
2 1% Ag-TiO2 14.17
3 2% Ag-TiO2 13.07

(a)

(b)

(c)

Fig. 4. SEM micrographs of (a) undoped TiO2, (b) 1%
Ag-TiO2 and (c) 2% Ag-TiO2.
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increase in the concentration of LMF, the rate of
photocatalytic degradation increases, reaching
maximum value [LMF] = 20 × 10−5 mol dm3; further
increase in concentration resulted in decrease in the
rate of photocatalytic degradation as shown in Fig. 8.
It may be due to the fact that, as the concentration of
the drug increased, more number of drug molecules
are excited and consequently available for degrada-
tion, and hence the rate of degradation increases. But
at concentration above 20 × 10−5 mol dm3, the drug
itself acts as a filter for the incident light. This reduces
the formation of OH– ions, due to which, the rate of
photocatalytic degradation decreases [19].

3.6. Effect of pH

The pH normally influences the adsorption capac-
ity of the adsorbent in aqueous medium by altering

the surface properties of adsorbent. The effect of pH
on the rate of photo degradation of LMF was studied
by varying the pH from 4 to 8, while keeping other
conditions constant. The rate of photocatalytic
degradation of LMF was slightly higher in the pH

(a)

(b)

Fig. 5. TEM micrographs of 0.2% Ag/TiO2.
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Fig. 6. (a) EDX analysis of 1% Ag-TiO2 and (b) EDX
analysis of 2% Ag-TiO2.
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range 4–5 and slightly lower in the pH range 7–8 as
shown in Fig. 9. This behaviour may be explained on
the basis that an increase in the rate of photocatalytic
degradation may be due to the increased availability
of OH– ions at acidic pH value. OH– ions will gener-
ate more hydroxyl radicals (�OH) by combining with
holes, which are considered responsible for the photo-
catalytic degradation. The adsorption on Ag-TiO2 pri-
marily depends on its surface properties and surface

reactivity largely related to surface hydroxyl groups. It
is evident from Table 2 that the adsorption capacity
decreases with increase in the pH from 4 to 8. The
LMF contains >NH and carboxyl functional groups in
its molecular structure. This enables LMF to react with
the H+ and OH− in solution to form three different
LMF species viz., LMFH+ (cation), LMF˚ (neutral) and
LMF− (anion). The pKa values of LMF were computed
by using Chem axon calculator and they were found
to be pKa1 (5.64) and pKa2 (8.7) [20]. The proportion of
LMF in different forms can be calculated from the pKa

values of LMF. The speciation pattern of LMF at dif-
ferent pH is shown in Fig. 10. LMF forms about 98%
LMFH+ at pH 4 by combining with H+ ions from the
solution, which favours the LMF adsorption on the
negatively charged surface of Ag-TiO2 photocatalyst.
The propotion of LMFH+ decreases to 81% at pH 5,
reduces to 30% at pH 6 and further reduces to 4%
(negligible) at pH 7. LMF neutral species dominates in
the pH range 6–8. With the proportional decrease in
the concentration of LMFH+ and proportional increase
in the concentration of LMF neutral, the adsorption
capacity of LMF on Ag-TiO2 decreases. The adsorption
of LMFH+ is due to the combination of cation with
negatively charged surface of Ag-TiO2, whereas the
adsorption of LMF neutral is due to weak Van der
Waals forces of attraction. This observation is in line
with the earlier report [21].

3.7. Effect of UV lamp distance

To examine the effects of UV light intensity on the
degradation of lomeofloxin was studied by varying
the distance of UV lamp from the target. The results
are reported in Fig. 11. It is seen that an increase in
light intensity increase the rate of photocatalytic
degradation, and it is due to the fact that as the inten-
sity increases the more number of Ag-TiO2 nanoparti-
cles excite to generate more electron hole pairs. The
holes decompose the lomeofloxin molecules adsorbed
on the surface of Ag-TiO2 particles and oxidize it to
water resulting in their efficient degradation [22].

3.8. Mechanism of photocatalytic degradation

On the basis of the experimental data the following
tentative mechanism may be given for photocatalytic
degradation of LMF.
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4.00E-04

6.00E-04

8.00E-04

1.00E-03

1.20E-03

1.40E-03

3 4 5 6 7 8 9

k o
bs

 x 
10

3
(m

in
-1
)

pH

Fig. 9. Effect of pH on the rate constant of photo catalytic
degradation of LMF with 2% Ag-TiO2 at 25˚C, [Ag-TiO2]
= 100 mg/l, [LMF] = 20 × 10−5 M.

16116 R.M. Kulkarni et al. / Desalination and Water Treatment 57 (2016) 16111–16118



3LMF1 þAg-TiO2 �! LMFþ þAg-TiO2ðe�Þ

Ag-TiO2 e�ð Þ þO2 �! Ag-TiO2 þO��
2

LMFþ þOH� �! LMFþOH�

LMFþOH� �! Product

When the LMF solution is exposed to UV light, in
the presence of Ag-TiO2, initially LMF molecules are
excited to first singlet state (1LMF1). Then these
excited molecules are moved to the triplet state
through inter system crossing (ISC). The triplet drug
(3LMF1) may provide its electron to the photocatalyst
and become positively charged. The dissolved oxygen
of the solution will pull an electron from the conduc-
tion band of the photocatalyst, thus generating the
photocatalyst. The positively charged molecules of the
drug (LMF) will immediately reacts with –OH ions to
form OH� radicals, which will convert the drug mole-
cules in to products.

In undoped TiO2, molecular oxygen is the only one
electron trapping entity, whereas in Ag-TiO2, two other
electron trapping entities are set up, viz., Ag+ ions and
Ag0. Since the Fermi level of TiO2 is higher, hence elec-
trons will move from TiO2 nanoparticles to the metallic
silver nanoparticles resulting in a space charge between
Ag and TiO2. The electric field finally force the electrons
to the interfacial space of the TiO2 nanoparticles. Here,
silver particles act as electron traps [23]. This leads to an
increase in the charge separation efficiency and slows
down electron–hole recombination. Silver metal on the
catalyst surface improves the quantum yields by
increasing the removal and the transfer of electrons
from catalyst to molecular oxygen [24]. Therefore,
molecular oxygen can trap photogenerated electrons to
form superoxide radicals and consequently enhance the
oxidation of LMF.

4. Conclusion

1 and 2% silver doped TiO2 nanoparticles were
synthesized successfully by LI method. The XRD pat-
terns of synthesized Ag-TiO2 nanoparticles indicate
anatase crystal structure. The EDX analysis and TEM
topograph show the doping of silver in TiO2. In acidic
environment at pH 4, the prepared Ag-TiO2

nanoparticles (17.00–13.07 nm) exhibit good potential
for the photocatalytic degradation of LMF. It is evi-
dent from the results that over 95% degradation of
LMF could be achieved in 1 h using 2% Ag-TiO2

photocatalyst.

Table 2
Adsorption capacity at different pH (Langmuir isotherm)

Sl. no. pH
Adsorption capacity
(Langmuir isotherm) (mol/g)

1 4 0.00110
2 5 0.00091
3 6 0.00085
4 7 0.00072
5 8 0.00062
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Fig. 10. Speciation of LMF at different pH.
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