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Introduction
Numerous chemicals generated in various anthropogenic

activities discharged regularly into the environment, most of
which are not only toxic but also non-biodegradable, thus
not removed easily. This necessitates developing effectual
methodology for degradation/mineralization of such materi-
als and/or for their transformations to relatively less harmful
materials. Photo-catalytic mineralization of organic pollutants
is one of the easiest and affordable process in which semi-
conductors for instance TiO2 is often used. In the present
study we have carried out the photo-catalytic mineralization
of benzene, a model pollutant using TiO2 as suspension in
water. Benzene, an eminent industrial organic chemical used
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Critical environmental pollutants of different types continue to challenge researchers to develop their mitigation methodolo-
gies. In this direction the semiconductor based photo-oxidation processes are good alternative for mineralization of organic
pollutants. In this study we report our recent results on the mineralization of benzene (Bz) in aerated 0.1% (w/v) TiO2 sus-
pended aqueous systems in presence and absence of metal ions using 350 nm photo light. The metal ions such as Ag+ and
Au3+ are used separately under the study. The rate of Bz mineralization is significantly faster in Ag+ or Au3+ containing TiO2
systems in contrast to sole TiO2 systems, which is due to the participation of metal ions and in situ generated various re-
duced metal ion intermediates including their nanoparticles in photo-degradation. The pre-generated nanoparticles of Ag and
Au in TiO2 systems also exhibit enhanced Bz mineralization separately. TEM studies reveal that (< 10 nm) silver nanoparticles
(AgNP) in Ag+ and (< 50 nm) gold nanoparticles (AuNP) in Au3+ containing TiO2 systems are anchored on TiO2 particles, which
are probably responsible for faster Bz mineralization. Nevertheless, in metal ion containing TiO2 systems, the nanoparticles
generated in situ during photolysis show better photo-generated electron trapping properties. Under the study, Bz mineral-
ization is faster in Au3+ containing systems as compared to Ag+ containing systems which is due to larger AuNP particles
generation on TiO2 surfaces that exhibit better charge-carrier separation.
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as solvent, as a constituent in motor fuels, in extraction of
oils from seeds and nuts, in manufacture of detergents, ex-
plosives, pharmaceuticals, and dyestuffs. It is found in emis-
sions from burning coal and oil, motor vehicle exhaust, and
evaporation from gasoline service stations. Trace level of Bz
is also found in petroleum and coal. It is an offshoot of the
incomplete combustion of many materials. These sources
contribute to an elevated level of Bz in the ambient air1 and
subsequently to ground water. It is known to cause cancer2

and considered as high level health hazard.
Moreover, the different forms of energy such as thermal,

sonolysis, UV light, ionizing radiation and cold plasma (elec-
trical) in presence and absence of catalysts and microorgan-
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isms have been employed to oxidize a variety of organics3–17.
Photo-catalytic reaction with non-toxic and economically
easily available TiO2 surfaces is renowned with the forma-
tion of charge carrier (e– and h+ (TiO2

+) electron-hole pair)18–20

on photo light irradiation only if energy of the incident photon
is greater than the band gap energy of the semiconductor
photo-catalyst. In presence of water/moisture the hole is trans-
formed to OH through h+ + H2O OH + H+ + TiO2 reac-
tion (OH possesses strong oxidizing properties (Eº = 2.72
V)21), whereas the counter negative ion (e–) behaves as re-
ducing species. Normally, oxygen or air available in the sys-
tem has been utilized to scavenge photo-generated e– by
forming O2

– (e– + O2  O2
–) and subsequently allowing

the hole/h+ for oxidation of available organics/pollutants. O2
–

on the other hand behaves as a weak reductant (Eº =
–0.33 V)22.

This work was explored further in the presence of metal
ions (Mn+) such as Ag+/Au3+ and/or silver nanoparticles
(AgNP) and gold nanoparticles (AuNP) separately to ensure
Bz mineralization, although the mineralization of organics in
presence of metal doped TiO2 is well known. The results
presented depict that the significant contribution of metal
nanoparticles and/or in situ generated various reduced spe-
cies of metal ions on Bz mineralization with remarkable deg-
radation kinetics.

Experimental
Materials and methods:
Titanium dioxide (TiO2) (> 99% purity) from Aldrich, ben-

zene (C6H6) of spectrograde from Spectrochem, India, sil-
ver perchlorate (AgClO4) (99.9% purity) from Aldrich and
gold(III) chloride as HAuCl4 (99.9% purity) from Fluka, India
were used as received. High purity water having conducti-
vity < 0.05 S cm–1 (obtained from ‘Millipore Milli-Q’ water
system) was used for all solutions preparations.

A 40 ml capacity quartz cell was used for photo-irradia-
tion with 350 nm light having photon flux 4×1015 photons
cm–2 s–1 from a Rayonet photo-reactor. The amount of solu-
tion used in photolysis was 35 ml. The aerated (the air was
purged for 10 min) aqueous solutions containing 0.1% (w/v)
TiO2 as suspension and 0.001–0.02 M Bz in presence and
absence of Mn+/metal nanoparticles were photo-irradiated
for different time with constant stirring at room temperature
and normal atmospheric pressure. The total organic contents

(TOC) were analyzed with TOC analyzer (Spectroquants
Pharo 300 COD/TOC analyser). When required the mem-
brane filter (Ultipor ®N66 ®Nylon 6.6 membrane 0.45 m from
PALL Life Sciences) was used for filtration of samples.

Materials characterization:
The filtrates of photo-irradiated samples were character-

ized with a spectrophotometer (JASCO V-650), whereas the
characterization of residues on membrane filters was car-
ried out with different analyzing techniques such as X-ray
Diffractometer (XRD), Raman spectroscopy, Scanning Elec-
tron Microscopy (SEM) and Transmission Electron Micros-
copy (TEM). The XRD measurement was performed with
Philips diffractometer (X’Pert PRO, PANalytical, Netherlands)
using Ni filtered Cu K radiation of 1.54 Å (~8 keV energy).
The XRD patterns obtained were later confirmed with the
comparison of literature data and/or records within the library
available in the software. Raman spectra were recorded at
room temperature within the spectral range of 100 to 3000
cm–1 with a micro-Raman spectrometer (STR-300, SEKI
Technotron, Japan). Additionally, the morphological images
of the residue materials were obtained with JEOL JSM-T330
(for SEM) and Carl Zeiss LIBRA 120 kV (for TEM).

Results and discussion
Photolysis of Bz:
Aerated 0.01 M Bz in aqueous solution was photo-irradi-

ated at 350 nm UV light up to 2 h. 5 ml of irradiated solutions
were taken out at time intervals of 2, 5, 15, 30, 60 and 120
min and analyzed for TOC. The curve 1 in Fig. 1(a) repre-
sents the degradation trend of Bz obtained in this system.
The mineralization or the conversion of Bz to CO2 and H2O
was found to be negligible after the systematic comparison
with TOC values obtained with samples of before and after
photolysis. Hence, it is understood that the direct photolysis
of Bz with 350 nm UV light did not lead to noticeable miner-
alization.

Photolysis of Bz in presence of TiO2:
Similarly, aerated 0.01 M Bz in aqueous solution contain-

ing 0.1% (w/v) TiO2 as suspension was photo-irradiated with
350 nm UV light. The irradiated solutions (5 ml) were taken
out at different time intervals and TOC values obtained are
shown in Fig. 1(a) curve 2. The photo-mineralization trend of
Bz in presence of TiO2 photo-catalyst was relatively faster
as compared to the mineralization/degradation of Bz obtained
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in its absence. Approximately 50% of TOC was found in the
photolytic solutions after 2 h of photo-irradiation. The miner-
alization rate evaluated from the plot of ln (Ct–C) – ln C vs
photolysis time [Fig. 1(b) fitting line 2) obtained using the
data of curve ‘2’ in Fig. 1(a) was 0.005 min–1 (Table 1) (where
Ct and C represent TOC values respectively at time t and
time  ( represents the time where the TOC value becomes
negligible)]. It is important to note that the samples were fil-
tered to remove suspended TiO2 particles using membrane
filter and the UV-Vis spectra of filtrate samples were recorded
within 200 to 300 nm wavelength region for analysis of left
over Bz, as Bz exhibits absorption maximum (max) at 253.6
nm. The spectra recorded (not shown) with pre- and post-
photo-irradiated samples exhibit irregular behavior in spec-
tral absorbance with respect to 253.6 nm absorption, which
is due to the adsorption of a fraction of Bz on to TiO2, there-
fore analyzing of Bz with absorption measurement at 253.6
nm was not adopted. Similar observation was also noticed
during analyses of multiple samples containing identical con-
centrations of TiO2 and Bz prior to carry out photo-irradiation
experiments.

Photolysis of Bz in presence of TiO2 and Ag+:
Photo-catalytic work was explored further to verify the

effect of metal ions such as silver ions (Ag+) on Bz mineral-
ization. To do so, aerated 0.01 M Bz in aqueous solutions
containing 0.1% (w/v) TiO2 as suspension in presence of
different concentrations of Ag+ (0.001, 0.005 and 0.02 M)
were photo-irradiated separately. The irradiated 5 ml samples
were taken out at different time intervals and TiO2 therein
was separated out through centrifuge and the supernatant
solutions were analyzed using UV-Visible spectrophotometer.

The UV-Vis spectra obtained (not shown) with the superna-
tant solutions of before and after 15 min photolysis reveal
the formation of silver nanoparticles (AgNP) type materials.
The absorbance in the visible region increases with Ag+ con-
centrations. The change in colors of solutions and residues
on membrane filters from white due to TiO2 to dark yellow
(not shown) in Ag+ containing systems designated the for-
mation of AgNP upon photo-irradiation. It was also noticed
that the intensity of color of solutions and residues changes
with photo-irradiation time.

Characterization of materials:
The XRD patterns of residue materials on membrane fil-

ters obtained before and after photo-irradiation of aerated
Bz (0.01 M) – Ag+ (0.02 M) – TiO2 (0.1% w/v) samples in
water are shown in Fig. 2(a). The XRD pattern of TiO2 (peaks
at 2 = 25º and 48º) obtained are quite similar to that re-
ported for anatase TiO2

23,24 and remained unaffected in Bz-
TiO2 systems containing Ag+. However, with 60 and 120 min
photo-irradiated Bz (0.01 M) – Ag+ (0.02 M) – TiO2 (0.1% w/
v) samples, a small change in peaks intensities at 2 = 44.5º
(Fig. 2(a), pattern 3) was noticed, which is probably due to
AgNP formation. Similarly, the Raman scattering measure-
ment records with the residues on membrane filters are shown
in Fig. 2(b). Three distinct peaks at 637, 514 and 396 cm–1

were observed in presence of TiO2 (Fig. (2b), spectrum ‘1’),
which are identical to earlier reports17,25. The presence of
Bz and Ag+ (before photolysis) did not show any consider-
able change in the Raman spectral properties of TiO2 (Fig.
(2b), spectrum ‘2’) except minute peak intensity reduction.
Moreover, in 60 min photo-irradiated samples the peaks de-
shaping (broadening, and shifting to 634, 517 and 398 cm–1)

Fig. 1. (a) Photolytic degradation of 1: benzene (0.01 M); 2: Bz (0.01 M) with TiO2 (0.1%) (w/v); 3: Bz (0.01 M) with TiO2 (0.1%) (w/v) and Ag+

(0.001 M); 4: Bz (0.01 M) with TiO2 (0.1%) (w/v) and Ag+ (0.005 M) and 5: Bz (0.01 M) with TiO2 (0.1%) (w/v) and Ag+ (0.02 M). (b) Photo-
mineralization kinetics fittings obtained with all systems of Fig. 1(a).
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within 1000 cm–1 were observed, which is due to the active
interaction between TiO2 and AgNP (produced in photo-irra-
diation), (Fig. 2(b), spectrum 3) that changed the vibration
and structural properties of TiO2 as explained previously with
AuNP interaction with TiO2

17,25.
The SEM images obtained with TiO2, TiO2 with Bz and

Ag+, and 30 and 60 min photo-irradiated TiO2 with Bz and
Ag+ samples did not show any considerable change except
slight coagulation in the photo-irradiated samples, hence not
shown separately. Moreover, the morphological change was
distinctly visible in TEM images as shown in Fig. 3(a) and
(b). The image b in Fig. 3 exhibited AgNP incorporated on
TiO2 surfaces (probably Ag as doped state) that perhaps re-
vealed high mineralization efficiency in contrast to solitary
TiO2 (Fig. 3a). The size of small grain like structure of Ag on
TiO2 as shown in Fig. 3(b) was < 10 nm. It is noteworthy to
include at this point that the TEM images of AgNPs, which
were generated either in situ during mineralization or prior to
Bz photo-mineralization experiments found were identical.

Benzene mineralization trends observed in Ag+ contain-
ing TiO2 systems were much faster as compared to lone TiO2
systems (curves 3-5 in Fig. 1(a)). The mineralization rates in
presence of different concentrations of Ag+ evaluated simi-

Photolysis of Bz in presence of TiO2 and AgNP:
Benzene mineralization work was explored further to verify

the impact of AgNP, which supposed to be a bye product in
photo-catalytic experiments in TiO2 systems containing Ag+

(discussed above). To ensure this, AgNPs were generated
prior to Bz photo-mineralization experiments by carrying out
photolysis of aerated 0.1% (w/v) TiO2 with three different
Ag+ (0.001 M, 0.005 M and 0.02 M) concentrations for 2 h
separately using 350 nm photo light. Similar mineralization
experiments were carried out after mixing appropriate con-
centration of Bz (0.01 M) with previously generated different
concentrations of AgNPs in TiO2 systems separately and the
TOC changes curves obtained are shown in Fig. 4(a). For
evaluation purpose, Bz mineralization experiment was car-
ried out with an identical sample (0.001 M AgNP and Bz (0.01
M)) at room temperature but without photolysis at 350 nm
light. The mineralization curve (curve 1 in Fig. 4(a)) gener-
ated without photo-irradiation was found to be very slow as
compared to photo-irradiation samples. To examine the com-
bined effect of AgNP and Ag+, a previously prepared 0.001
M AgNP was mixed with 0.001 M Ag+ and checked Bz (0.01
M) mineralization kinetics by carrying out similar photolysis

Fig. 2. (a) XRD patterns and (b) Raman spectra observed with resi-
dues of different samples on membrane filter: 1: TiO2 (0.1%)
(w/v); 2: TiO2 (0.1%) (w/v), Bz (0.01 M) and Ag+ (0.02 M); 3:
after 60 min photolysis of TiO2 (0.1%) (w/v), Bz (0.01 M) and
Ag+ (0.02 M).

Table 1. The Bz mineralization rates evaluated in presence of
various concentrations of Ag+ in TiO2 containing aqueous systems

[Bz] [TiO2] [Ag+] Rate
M w/v% M (min–1)
0.01 0.1 0 0.00506
0.01 0.1 0.001 0.0294
0.01 0.1 0.005 0.0347
0.01 0.1 0.02 0.0555

Fig. 3. TEM images (a): TiO2; (b): Ag-TiO2 and (c): Au-TiO2 samples.

larly as discussed above and the values are listed in Table 1.
The rates listed in Table 1 were found to be Ag+ concentra-
tion dependent and found highest with 0.02 M Ag+.
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experiments. The mineralization curve (curve 5 in Fig. 4(a))
was quite similar to Bz degradation kinetics observed with
AgNP (0.005 M) revealing Ag+ or in situ higher concentration
of AgNP contribute significantly on Bz mineralization. On com-
parison it was found that the mineralization of Bz was faster
in case of AgNP, and the evaluated kinetics values are listed

in Table 2.
Photolysis of Bz in presence of TiO2 and Au3+:
Similarly, photo-irradiation of aerated 0.01 M Bz in aque-

ous solutions containing 0.1% (w/v) TiO2 as suspension in
presence of two different Au3+ concentrations (0.0001 and
0.001 M) were carried out separately using 350 nm photo
light. The mineralization curves obtained with respect to TOC
values at different photolysis time are shown in Fig. 5(a).
The curves 2 and 5 exhibit the faster Bz mineralization as
compared to only TiO2 system (curve 2 in Fig. 1(a)). The
mineralization rates evaluated are listed in Table 3. Fig. 5(a)
and (b) and Table 3 reveal that the presence of either 0.001
M Au3+ or previously generated AuNP with 0.001 M Au3+,
the mineralization rates observed were identical showing the
significance of in situ generated AuNP in Bz mineralization
in Au3+ containing systems. Material characterization (TEM

Fig. 4. (a) Photo-mineralization of Bz in 1: Bz (0.01 M) with TiO2 (0.1%) (w/v) and AgNP (0.001 M) without photolysis; 2: Bz (0.01 M) with TiO2
(0.1%) (w/v) and AgNP (0.001 M); 3: Bz (0.01 M) with TiO2 (0.1%) (w/v) and AgNP (0.005 M); 4: benzene (0.01 M) with TiO2 (0.1%) (w/
v) and AgNP (0.02 M) and 5: Bz (0.01 M) with TiO2 (0.1%) (w/v), AgNP (0.001 M) and Ag+ (0.001 M) systems. (b) Mineralization kinetics
of all systems of Fig. 4(a).

Table 2. The list of mineralization rates evaluated in systems
containing previously generated AgNP in presence and

absence of Ag+

[Bz] [TiO2] [Ag+] [AgNP] Rate
M (w/v)% M M (min–1)
0.01 0.1 0 0.001* 0.0016
0.01 0.1 0 0.001 0.028
0.01 0.1 0 0.005 0.054
0.01 0.1 0 0.02 0.081
0.01 0.1 0.001 0.001 0.055
*Represents no photolysis.

Fig. 5. (a) Photo-mineralization of Bz in 1: Bz (0.01 M) with AuNP (0.001 M) without photolysis; 2: Bz (0.01 M) with TiO2 (0.1%) (w/v) and Au3+

(0.0001 M); 3: Bz (0.01 M) with TiO2 (0.1%) (w/v) and AuNP (0.0001 M); 4: Bz (0.01 M) with TiO2 (0.1%) (w/v), AuNP (0.0001 M) and Au3+

(5×10–5 M); 5: Bz (0.01 M) with TiO2 (0.1%) (w/v) and Au3+ (0.001 M) and 6: Bz (0.01 M) with TiO2 (0.1%) (w/v) and AuNP (0.001 M)
containing systems. (b) Mineralization kinetics of all systems presented in Fig. 5(a).
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image, Fig. 3(c)) reveals that Au-TiO2 generated in situ pos-
sesses ~50 nm sized gold nanoparticles (AuNP) anchored
over TiO2 particles is possibly responsible for faster Bz min-
eralization.

It is understood from the material characterization stud-
ies that the difference in morphological change as discussed
above lead to the formation of in situ AgNP/AuNP and/or Ag/
Au-doped TiO2. Even in aerated metal ions (Mn+) containing
TiO2 systems, Mn+ (Ag+/Au3+) ions have shown better elec-
tron scavenging properties than oxygen resulting in enhanced
Bz mineralization. Under the study, the various concentra-
tions of Mn+ exhibited different mineralization kinetics reveal-
ing that the mineralization in presence of air was Mn+ con-
centration dependent. Oxygen served both as scavenger of
photo-generated electron and provider of O2 for the transfor-
mation of pollutant (Bz) to CO2 and H2O. The important part
under the study was the formation of metal nanoparticles
(MNP) following the reduction reactions pathway even in pres-
ence of air (~20% O2 equivalent to 0.24 mM). Normally, the
generation of MNP takes place with the initial metal atom (or
reduced metal ions) formation through e– – Mn+ reduction
reactions. Later it followed aggregation with solute metal ions
through multi steps nucleation reactions26 and finally leads
to the formation of metal nanoparticles. It is noteworthy to
include that the e– reactions with Ag+/Au3+ ions in aqueous
solutions were diffusion controlled27 and MNP were gener-
ated instantly perhaps on the surface of TiO2 competing e– –
O2 scavenging reaction. Moreover, as reported earlier, in the
gold doped/caped TiO2 (Au/TiO2) systems the metal
nanoparticles have been considered as an electron sink/trap-
per28, where the electrons in the conduction band are ca-
pable to migrate towards the Au surface, thereby preventing
the recombination of e– and h+ charge carrier. Under the
study this separation was more in Au3+/AuNP systems than

Table 3. List of the mineralization rates evaluated in various Au3+

and/or AuNP containing systems
[Bz] [TiO2] [Au3+] [AuNP] Rate
M (w/v)% M M (min–1)
0.01 0.1 0 0.001* 0.0009
0.01 0.1 0.0001 0 0.0386
0.01 0.1 0 0.0001 0.0492
0.01 0.1 0.00005 0.0001 0.0491
0.01 0.1 0.001 0 0.1591
0.01 0.1 0 0.001 0.1560
*Represents no photolysis.

Ag+/AgNP systems as anchored/caped Au in AuNP pos-
sesses higher diameter (~50 nm) in TEM image. As a result
more e– and h+ were utilized in respective reduction and oxi-
dation processes. Thus h+ was favoring faster Bz mineral-
ization in Au3+ or AuNP containing TiO2 systems. On the other
hand, as mentioned above, the oxygen available produces
superoxide radical anion (O2

–) after reaction with a fraction
of e–, and subsequently converted into OH via HO2

/H2O2,
resulting further enhancement in Bz mineralization. More-
over, the major part of e– was involved in metal nanoparticles
formation showing dual nature of metal ions (formation of
MNP as well as scavenger of photo-generated e–). Never-
theless, in Mn+ containing systems, after formation of MNP
(as soon as color appears) the systems behave both as metal
doped as well as metal ions containing systems, wherein
both Mn+, reduced Mn+ species and MNP play significant
role in Bz mineralization. This happens only when the pho-
tolysis is kept on, because after photolysis (photo light off
condition) the colors of nanoparticles remain steady, indicat-
ing the negligible contribution of Bz mineralization through
thermal reaction. It is noteworthy to include that the active
role of various intermediates starting from reduced metal ions/
metal atom to oligomers/small aggregates including metal
nanoparticles were important in pollutants photodegradation.
In TiO2 based systems, the phenol/phenolic compounds has
also been reported as an intermediate product from Bz and
benzene derivatives12,29. The overall photo-catalytic reac-
tion mechanism for higher mineralization kinetics in metal
ion containing systems is summarized in Scheme 1.

Scheme 1. Redox reactions during photolysis of Bz with TiO2 in metal
ions containing systems.
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Conclusions
Photocatalytic mineralization of Bz has been success-

fully demonstrated in presence of Ag+ and Au3+ separately
in aerated TiO2 systems. Bz mineralization rate was faster in
presence of metal ions and MNP in TiO2 containing systems.
In both the systems Bz degraded much faster than in sole
TiO2 containing systems. The mineralization kinetics in pres-
ence of air was dependent on Mn+/MNP concentration. The
strong interaction of MNP with TiO2 in Raman shifting re-
veals the attachment of metal nanoparticles with the semi-
conductor. Furthermore, in TEM studies, ~50 nm AuNP and
~10 nm AgNP were anchored on TiO2 surfaces, which are
possibly enhancing e– - h+ separation hindering charge-car-
rier recombination. Larger size AuNP nanoparticles favoured
more charge carrier separation resulting faster Bz mineral-
ization than smaller sized AgNP. Furthermore, the anchored
AgNP/AuNP TiO2 possesses optical absorption in the visible
region, projecting a better choice for solar light utilization in
mineralization of organic pollutants. The above findings not
only contribute in updating the Bz mineralization technique,
but this methodology can evolve as a suitable technique for
their utilization in pollution mitigation.
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