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Aminosilicate  sol–gel  supported  titanium  dioxide–gold  (EDAS/(TiO2–Au)nps)  nanocomposite  materials
were  synthesized  by  simple  deposition–precipitation  method  and  characterized.  The  photocatalytic  oxi-
dation and  reduction  activity  of  the  EDAS/(TiO2–Au)nps film  was  evaluated  using  hexavalent  chromium
(Cr(VI))  and  methylene  blue  (MB)  dye  under  irradiation.  The  photocatalytic  reduction  of  Cr(VI)  to  Cr(III)
was studied  in  the  presence  of  hole  scavengers  such  as  oxalic  acid (OA)  and  methylene  blue  (MB).  The
photocatalytic  degradation  of  MB was  investigated  in the  presence  and  absence  of  Cr(VI).  Presence  of
minosilicate sol–gel
iO2–Au nanocomposite
hotocatalyst
hromium(VI) reduction
ethylene blue oxidation

dvanced oxidation–reduction process

Aunps on  the  (TiO2)nps surface  and  its  dispersion  in the  silicate  sol-gel  film  (EDAS/(TiO2–Au)nps) improved
the  photocatalytic  reduction  of  Cr(VI)  and  oxidation  of  MB  due  to  the  effective  interfacial  electron  transfer
from the  conduction  band  of  the  TiO2 to  Aunps by  minimizing  the  charge  recombination  process  when
compared  to  the  TiO2 and  (TiO2–Au)nps in  the  absence  of  EDAS.  The  EDAS/(TiO2–Au)nps nanocomposite
materials  provided  beneficial  role  in the  environmental  remediation  and purification  process  through
synergistic  photocatalytic  activity  by  an  advanced  oxidation–reduction  processes.
. Introduction

Titanium dioxide–gold nanocomposite materials have received
reater attention because of their interesting optical, electronic,
ong time stability and excellent catalytic activity [1–6]. The tita-
ium dioxide–gold nanomaterials ((TiO2–Au)nps), due to their wide
nd tunable band gap [7],  find wide range of applications in the
rea of photocatalysis [8],  electrocatalysis [9],  sonocatalysis [10],
lectrochromic devices [11], photoelectrochemical cells [12,13],
ye-sensitized solar cells [14], biosensors [15] and gas sensors
16–18]. Noble metal nanoparticles such as Au, Ag, Pt and Ir
eposited on the surface of the (TiO2)nps exhibit greater catalytic
ctivity than that of the (TiO2)nps. The metal nanoparticles on
TiO2)nps surface act as an electron sink for the photoinduced charge
arriers and enhance the interfacial charge transfer process and
inimize the charge recombination [19,20].
The hexavalent chromium (Cr(VI)) is a major pollutant added to

he environment from the contaminated waters discharged from
he electroplating industries, leather tanneries, paint and pigment

ndustries. The Cr(VI) is highly toxic to most of the living organ-
sms when the Cr(VI) concentration level is higher than 0.05 ppm.
n contrast, the trivalent chromium (Cr(III)) is less toxic and one

∗ Corresponding author.
E-mail address: ramarajr@yahoo.com (R. Ramaraj).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.12.019
© 2011 Elsevier B.V. All rights reserved.

of the essential nutrient for body function. Hence the reduction of
the Cr(IV) ions into Cr(III) ions received great attention in the envi-
ronment purification processes [21–43].  Methylene blue (MB) is an
organic dye pollutant discharged from dyeing industries. The dye
contaminated water can affect the aquatic environments seriously.
Removal of Cr(VI) and MB is a great challenge and several meth-
ods were reported for the removal of these pollutants [38]. Among
them, the photocatalytic purification is economically viable, facile
and effective one.

In the past decade the photocatalytic removal of Cr(VI) was stud-
ied by employing various photocatalysts, such as nano TiO2 [21,22],
in the presence of phenolic compounds [23,24], oxalic acid and
EDTA [25], formic acid [26], ammonium and formate ions [27], sal-
icylic acid [28], AO7 and rhodamine B [29], di-n-butyl phthalate
[30], rotating TiO2 mesh [31], sulphate modified TiO2 in the pres-
ence of EDTA [32], TiO2–BDD in the presence of RY15 [33], sol–gel
derived TiO2 thin film [34], ZnO in the presence of alizarin red-S [35]
and methanol [36], polyoxomatalates in the presence of SA [37],
rhodhamine B, metheylene blue and AO7 [38], neodymium-doped
TiO2 [39], Ag loaded TiO2 [40], iron doped TiO2 in the presence of
NO2

−[41], WO3 doped TiO2 nanotube in the presence of citric acid
[42], organics acid modified TiO2 [43], and Aunps embedded TiO2

framework in the presence of phenol [9].

In the present investigation, aminosilicate sol–gel supported
(TiO2–Au)nps were synthesized by deposition–precipitation
method. The functionalized silicate sol–gel acts as a solid support

dx.doi.org/10.1016/j.jhazmat.2011.12.019
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ramarajr@yahoo.com
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nd provides stability to the embedded semiconductor–metal
anocomposite materials and facilitates the preparation of the
olid phase photocatalyst in the film form. The photoinduced Cr(VI)
ons reduction process plays a significant role in the synergistic and
imultaneous acceleration of decomposition and mineralization of
B dye when EDAS/(TiO2–Au)nps film was used. The present study

hows one step forward process to improve the efficiency of the
hotocatalytic reduction and oxidation of Cr(VI) and MB,  respec-
ively by EDAS/(TiO2–Au)nps embedded in aminosilicate sol–gel
lm. When the photoreduction of toxic Cr(VI) ions is carried out at
he (TiO2–Au)nps system, the reduction of Cr(VI) proceeds slowly.
f the reduction is coupled with the photocatalytic oxidation of
ome organic compounds (organic dye), the reduction of Cr(VI)
s promoted significantly in addition to the photodegradation of
he organic compounds leading to the effective decrease in the
harge recombination process at the (TiO2–Au)nps, called advanced
xidation–reduction processes.

. Experimental

.1. Chemicals

TiO2 (Degussa P-25) (Evonik industries, Germany),
ydrogen tetrachloroaurate trihydrate (HAuCl4.3H2O), N-[3-
trimethoxysilyl)propyl]ethylenediamine (EDAS) and methylene
lue (MB) (Aldrich), potassium dichromate (K2Cr2O7) and oxalic
cid (OA) (Merck) were used as received and all the other chemicals
sed in this work were of analytical grade.

.2. Synthesis of EDAS/(TiO2–Au)nps nanocomposite materials

EDAS aminosilicate sol–gel functionalized TiO2 was  prepared
y dispersing 1 g of TiO2 (P-25) in a solution containing 30 mL
f ethanol, 1.3 g of water, 0.7 g of aqueous ammonium solution
25 wt.%), and 0.6 g of EDAS were added. The reaction mixture
as subjected to sonication for 1 h and then stirred at room tem-
erature for 12 h. Then the mixture was purified by removing
he excess EDAS and water or ammonia by repeated centrifuga-
ion and redispersion of the residue in absolute ethanol five times
nd dried under in vacuum at 80 ◦C for 10 h. The aminosilicate
ol–gel (EDAS) supported (TiO2–Au)nps nanocomposite materials
as prepared by deposition–precipitation method. Briefly, 100 mL

queous solution of 4.2 × 10−3 M HAuCl4 was heated to 80 ◦C fol-
owed by the pH of the reaction mixture was adjusted to 7 by
areful addition of 1 M NaOH. Then 1 g of EDAS functionalized TiO2
as dispersed homogeneously into the solution and again pH was

eadjusted to 7 using 1 M NaOH. The reaction mixture was vig-
rously stirred for 2 h at 80 ◦C. The EDAS supported (TiO2–Au)nps

anomaterials (EDAS/(TiO2–Au)nps) were gathered by repeated
entrifugation (10,000 rpm for 15 min) and washed with 100 mL
f double distilled water under stirring for 10 min  at 50 ◦C. The
ynthesized EDAS/(TiO2–Au)nps was dried under vacuum at 100 ◦C
or 2 h in order to remove the moisture completely. During the
reparation of EDAS/(TiO2–Au)nps), it was found that the addition
f 4.2 × 10−3 M HAuCl4 to the EDAS/TiO2 lead the clear formation
f the EDAS/(TiO2–Au)nps) (1.08 wt.% of Au on TiO2) nanocompos-
te material and the surface plasmon band due the formation of Au
anoparticles on TiO2 was observed (Fig. 1). The EDAS/(TiO2–Au)nps

anocomposite material with 1.08 wt.% Au on TiO2 was  used for the
hotocatalysis studies. The change in HAuCl4 concentration did not
ead to the clear formation of EDAS/(TiO2–Au)nps and sedimenta-
ion of brownish black color materials was observed. The surface
lasmon band due the formation of Au nanoparticles on TiO2
as not observed for these materials. For comparison, the same
Fig. 1. Diffuse reflectance spectra of (TiO2)nps (P-25) (a), EDAS/(TiO2)nps (b),
(TiO2–Au)nps (c) and EDAS/(TiO2–Au)nps (d) nanomaterials powders annealed at
450 ◦C.

protocols was  used to prepare bare (TiO2–Au)nps in the absence of
EDAS.

2.3. Characterization of EDAS/(TiO2–Au)nps nanocomposite
material

The synthesized EDAS sol–gel supported (TiO2–Au)nps

nanocomposite materials were characterized by various tech-
niques. Before characterization, the sample were annealed at
250 ◦C at a heating rate of 10 ◦C per minute and then maintained at
250 ◦C for 4 h. The diffuse reflectance spectra were recorded using
BaSO4 as a reference on Agilent 8453 diode array UV–visible spec-
trophotometer equipped with a Lab-Sphere diffuse reflectance
accessories. Transmission electron microscopic (TEM) images
were recorded using JEOL 3010 high resolution transmission
electron microscope with operating voltage of 300 kV. Scanning
electron microscopic (SEM) images were recorded using Carl
Zeiss scanning electron microscope. Energy-dispersive X-ray
spectroscopic (EDAX) analysis was carried out by FEI Quanta FEG
200 scanning electron microscope. X-ray diffraction (XRD) pattern
was  recorded on a Bruker AXS D8 Advance with Cu K� radiation.
Brunauer–Emmett–Teller (BET) surface area analysis were carried
out using Micrometrics Gemini 2375 surface area analyzer via
nitrogen (N2) adsorption–desorption, using a single-point method
after degassing the nanomaterials by flowing N2 at 200 ◦C for 2 h.

2.4. Photocatalytic studies and analysis

The photocatalyst film was  prepared by dispersing 750 mg
of synthesized EDAS/(TiO2–Au)nps nanomaterials in 5 mL  ethanol
and then sonicated for 5 min to ensure the homogeneous dis-
persion. The colloidal solution was coated as a film on a glass
plate (1 cm2) by casting a known volume of the solution and was
allowed to dry in air at room temperature. Then the film was
annealed at 450 ◦C for 30 min. For comparison, TiO2 (P-25) film
and (TiO2–Au)nps in the absence of EDAS were also fabricated using
the same procedure. The photocatalytic studies were carry out in
a glass cell system at room temperature. The EDAS/(TiO2–Au)nps

or (TiO2)nps or (TiO2–Au)nps film coated glass plate was  immersed

into a photolysis cell containing a mixture of 0.4 mM K2Cr2O7 and
4 mM MB  and then irradiated with a light source. Before illumina-
tion, nitrogen was  purged into the reaction mixture for 30 min  in
dark. The reaction mixture was  stirred at a constant speed during
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llumination. A 450 W Xenon lamp was used as the light source
ith a water filter cell (6 cm path length with pyrex glass windows)

o cut off the far UV and IR radiations (Fig. S1). This water filter
ell transmitted light from ∼340 nm onwards. The sample aliquots
ere taken from the reaction sample at regular time intervals and
ere tested for dye degradation using spectrophotometer [44]. The
r(VI) ions were estimated by diphenylcarbazide method at 540 nm
y analyzing the complex formed upon the addition of colorimetric
eagent 1,5-diphenylcarbazide [45,46].

. Results and discussion

.1. Spectral characterization of (TiO2–Au)nps nanocomposite
aterial

The present synthetic route for the preparation of
DAS/(TiO2–Au)nps nanocomposite material is a simple pro-
edure and, the affinity between the Aunps and the amine groups
n the EDAS plays a role in the formation of the (TiO2–Au)nps

anocomposite material. The binding of silane on the surface of
TiO2)nps has been well understood [13]. The lone pair of electrons
resent in the oxygen on the (TiO2)nps surface’s native hydroxyl
cts as a nucleophile towards the electron deficient silicon in the
DAS and the silane is anchored on the TiO2 surface [13]. The Au(III)
ons bind to those aminosilane molecules undergo reduction to
orm Aunps. The (–NH2· · ·Aunps) interaction is apparently sufficient

o increase the local concentration of aminosilane around the
unps surface and to induce condensation and cross-linking of
djacent silanols and thus creating stable EDAS/(TiO2–Au)nps

anocomposite material.

Fig. 2. TEM images of (TiO2)nps (P-25) (A), (TiO2–Au)np
ous Materials 203– 204 (2012) 244– 250

The diffuse reflectance spectra (DRS) of (TiO2)nps (P-25) (a),
EDAS modified (TiO2)nps (b), (TiO2–Au)nps (c) and EDAS sili-
cate sol–gel supported (TiO2–Au)nps (EDAS/(TiO2–Au)nps) (d) were
recorded for powder samples annealed at 250 ◦C and 450 ◦C and
are given in Fig. S2 and Fig. 1. The absorption spectral behavior of
the samples annealed at 250 ◦C (Fig. S2)  and 450 ◦C (Fig. 1) did not
show any observable change in the absorption band. The DRS of
the EDAS/(TiO2–Au)nps films annealed at 250 ◦C and 450 ◦C were
recorded and are given in Fig. S3.  The DRS spectra (Fig. S3) did not
show any change in the absorption band. The absorbance edge of
the (TiO2–Au)nps (Fig. 1) is significantly enhanced the light absorp-
tion in both UV and visible region. The absorption edge shifted
towards longer wavelength when compared to the (TiO2)nps (P-25)
and EDAS modified (TiO2)nps indicating a decrease in the band-gap
of the EDAS/(TiO2–Au)nps. The band-gap energy values of bare TiO2
and EDAS/(TiO2–Au)nps are calculated by using Taucs plot method
[7]. The band-gap energy values of (TiO2)nps (P-25), EDAS/(TiO2)nps

and EDAS/(TiO2–Au)nps were calculated as 3.2, 3.32 and 3.19 eV,
respectively. The measured band-gap energy of EDAS/(TiO2)nps

(3.32 eV) showed a blue shift of 0.12 eV when compared to bare
(TiO2)nps (P-25) (3.2 eV). This is mainly attributed to the interac-
tion between the support material (aminosilicate matrix) and the
(TiO2)nps [47]. For EDAS silicate sol–gel supported (TiO2–Au)nps,
the band gap energy was  found to be 3.19 eV with a small red
shift of 0.01 and 0.13 eV when compared to the bare (TiO2)nps

and EDAS/(TiO2)nps. It clearly indicates the strong interaction and

intragap formed between (TiO2)nps and Aunps [7].  The capping of
Aunps on the surface of (TiO2)nps brings down the absorbance band
edge of (TiO2)nps near to the visible region [48]. It is expected that
the Aunps, a good conductor, could facilitate the rapid transfer of

s (B) and EDAS/(TiO2–Au)nps (C) nanomaterials.
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Table 1
BET surface analysis of photocatalysts.

Photocatalyst BET surface area
(m2 g−1)

Average pore
diameter (Å)

Pore volume
(cm3 g−1)

TiO2 (P-25) 43.7 54.30 0.065
(TiO2–Au)nps 48.01 58.03 0.080
EDAS/(TiO –Au) 48.12 67.29 0.083
ig. 3. SEM images of (TiO2)nps (P-25) (A) and EDAS/(TiO2–Au)nps (B) nanomaterials
nnealed at 450 ◦C.

hotogenerated electrons from the (TiO2)nps to Aunps and thus min-
mizing the charge recombination of photogenerated electron/hole
air.

.2. Morphology of EDAS supported (TiO2–Au)nps nanocomposite
aterial

The TEM images of (TiO2)nps, (TiO2–Au)nps and
DAS/(TiO2–Au)nps at same magnifications are given in Fig. 2.
he TEM image of TiO2 nanoparticles shows spherical particles
Fig. 2(A)). The TEM image of the (TiO2–Au)nps shows the distri-
ution of larger size Aunps on TiO2 surface (Fig. 2(B)). The TEM

mage of the EDAS/(TiO2–Au)nps (Fig. 2(C)) shows the formation of
maller size Aunps, which are highly dispersed on the surface of the
iO2. The presence of EDAS silicate on TiO2 facilitates the formation
nd dispersion of smaller Aunps on the TiO2. The ultimate contact
etween Aunps and (TiO2)nps is more advantageous to increase
he interfacial electron transfer process. Both Aunps and (TiO2)nps

ndergo fermi level equilibration and as a result the interfacial
harge transfer process increases significantly [49].

The SEM images of the (TiO2)nps and EDAS/(TiO2–Au)nps with
ame magnification are shown in Fig. 3. The nanocomposite
aterials show highly porous like structure and this porous
tructure may  facilitates the diffusion of substrate into the pin-
oles and create the ultimate contact with the photocatalyst.
he EDAX analysis of bare TiO2 and EDAS/(TiO2–Au)nps nanocom-
osite materials were recorded and are shown in Fig. S4.  The
2 nps

emission peaks corresponding to the elements O and Ti were
observed at 0.5 (O) and 4.5 (Ti), respectively for TiO2. The emis-
sion peaks corresponding to the elements O, Si, Au and Ti were
observed at 0.5 (O), 1.8 (Si), 2.2 (Au) and 4.5 (Ti), respectively
for the EDAS/(TiO2–Au)nps. The EDAX clearly conforms the pres-
ence of elements such as Si, Ti, O and Au in EDAS/(TiO2–Au)nps.
The Au content in the EDAS/(TiO2–Au)nps was calculated as
1.08 wt.%.

3.3. BET surface area analysis

The surface area, pore size and pore volume were measured for
(TiO2)nps, (TiO2–Au)nps and EDAS/(TiO2–Au)nps using BET surface
area analysis. The BET surface area analysis data are summarized
in Table 1 and their corresponding plots are presented in Fig. S5.
Table 1 shows that (TiO2–Au)nps nanomaterial shows higher sur-
face area and pore volume than that of the bare TiO2. The porosity
of the (TiO2–Au)nps in the presence and absence of EDAS silicate
sol-gel matrix are almost the same. The SEM images of the nanoma-
terials (Fig. 3) shows that the materials are obviously macroporous
and that the N2-soprtion data prove the presence of micro and
mesoporosity (Fig. S5).

3.4. XRD pattern of EDAS/(TiO2–Au)nps

The XRD patterns of (TiO2)nps, (TiO2–Au)nps and
EDAS/(TiO2–Au)nps nanomaterial films annealed at 450 ◦C were
recorded and are shown in Fig. S6.  The XRD pattern showed highly
crystallized anatase TiO2 corresponding to (1 0 1), (0 0 4), (2 0 0),
(1 0 5), and (2 1 1) diffractions at 25.3◦, 37.8◦, 48.1◦, 53.9◦, and 55.1◦

(2�  value), respectively (JCPDS No. 86-1156) and (310) diffraction
at 64.4◦ for rutile (Fig. S6). All the diffraction peaks of anatase TiO2
become sharper and stronger indicating that the deposition of
Aunps does not alter the TiO2 crystalline nature. It is evident from
the literature [50,51] that an increase in the crystallinity of TiO2
can usually lead to an improvement in the photodegradation of
organic pollutants [50,51]. It should be noted that the peaks around
39.2◦ and 44.4◦ (2�)  are clearly observed due to the Au (1 1 1)
and (2 0 0) diffractions (JCPDS No. 4-0784). The peak at 64.4◦ (2�)
indicative of Au (2 2 0) was  overlapped by the peak corresponding
to rutile (3 1 0) [52,53].  The XRD pattern of EDAS/(TiO2–Au)nps

nanomaterial films annealed at 250 ◦C and 450 ◦C were recorded
and are shown in Fig. S7.  The XRD patterns (Fig. S7)  did not show
any observable change due to different annealed temperatures
as reported in literature [52,53]. The previous reports show that
the XRD patterns of TiO2(P-25) and TiO2–Au recorded at 300 ◦C to
500 ◦C reveal the diffractions due to anatase and rutile TiO2 and
the TiO2 was  found to stable when Au was  deposited on TiO2 and
the annealing at 500 ◦C did not change the content and particle size
of TiO2 in (TiO2–Au) samples [52,53].  The (TiO2)nps crystallite size
(25 nm)  calculated from the full width at half-maximum (fwhm)

of (TiO2)nps (1 0 1) diffraction peak at the value of 25.3◦ (2�)  by
using the Scherrer equation.
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ig. 4. Photocatalytic reduction of Cr(VI) in the presence of oxalic acid at (TiO2)nps

P-25) (a), (TiO2–Au)nps (b) and EDAS/(TiO2–Au)nps (c) films under irradiation. Con-
entration of Cr(VI) = 0.4 mM and oxalic acid = 4 mM.

.5. Photocatalytic activity of (TiO2–Au)nps nanomaterials

The photocatalytic activity of the EDAS/(TiO2–Au)nps nanocom-
osite film was studied using Cr(VI) ions in the presence of oxalic
cid or MB  dye as a sacrificial electron donor under irradiation. The
oncentration of the sacrificial electron donor (SD) (oxalic acid)
sed in this study is based on the molar ratio of Cr(VI):SD = 1:5,
hich is slightly higher than that of the theoretical requirement

atio of 1:3. In the present study, oxalic acid was used as a sacrifi-
ial electron donor to reduce the Cr(VI) to Cr(III) in aqueous solution
Eq. (1)).

r2O7
2− + 14 H+ + 6 e− → 2 Cr3+ + 7 H2O (1)

he change in the concentration of Cr(VI) with respect to irradiation
ime is shown in Fig. 4. The EDAS/(TiO2–Au)nps nanocompos-
te photocatalyst film exhibited significantly faster photocatalytic
eduction of Cr(VI) to Cr(III) when compared to the catalytic activity
f (TiO2)nps (P-25) and (TiO2–Au)nps (Fig. 5). Among the three pho-

ocatalyst, the EDAS/(TiO2–Au)nps showed 91.5% of Cr(VI) reduction
o Cr(III) when oxalic acid was used as SD with 1 h irradiation
Fig. 4). The photocatalytic reduction of Cr(VI) was also carried out
n the presence of MB  dye as SD. The time dependent concentration
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ig. 5. Photocatalytic reduction of Cr(VI) in the presence of methylene blue at
TiO2)nps (P-25) (a), (TiO2–Au)nps (b) and EDAS/(TiO2–Au)nps (c) films under irra-
iation. Concentration of Cr(VI) = 0.4 mM and methylene blue = 4 mM.
Fig. 6. Photocatalytic oxidation of MB  in the absence of Cr(VI) at (TiO2)nps (P-25) (a),
(TiO2–Au)nps (b) and EDAS/(TiO2–Au)nps (c) films under irradiation. Concentration
of methylene blue = 4 mM.

change observed for Cr(VI) at different nanocomposite photocat-
alyst films are shown in Fig. 5. A marked synergistic effect was
observed at the EDAS/(TiO2–Au)nps for the photocatalytic reduction
of Cr(VI) and oxidation of methylene blue. The extend of synergy
depends on the effective interfacial charge transfer between TiO2
and Cr(VI) through Aunps. The smaller size Aunps deposited on TiO2
in the presence of EDAS silicate sol–gel improves the photocat-
alytic reduction and oxidation reactions. The bare (TiO2–Au)nps film
exhibited 54% decrease of Cr(VI) to Cr(III) after 1 h irradiation and
the EDAS/(TiO2–Au)nps showed the same decrease within 20 min.
The increase in the photocatalytic reduction of Cr(VI) to Cr(III)
and photodegradation of MB  dye are attributed to the presence
of Aunps on the surface of (TiO2)nps photocatalyst and its disper-
sion in the functionalized EDAS silicate sol–gel film. The effective
photoinduced charge transfer process between TiO2 and Aunps min-
imizes the recombination of the photogenerated charge carriers
[8,19]. The increase in the photocatalytic conversion of carcino-
genic Cr(VI) to nontoxic Cr(III) coupled with the photodegradation
of pollutant MB  dye shows the dual benefits of the newly synthe-
sized EDAS/(TiO2–Au)nps in the film state and its application in the
environmental remediation and purification processes.

Figs. 6 and 7 show the photocatalytic degradation of MB  at
different time under irradiation using (TiO2)nps, (TiO2–Au)nps and
EDAS/(TiO2–Au)nps films both in the absence and presence of Cr(VI).
The decrease in the MB  dye concentration with respect to time
clearly shows the degradation of MB  molecules due to the fragmen-
tation of MB  leading to the decoloration of dye under illumination.
It is known that the conjugated structure of MB  is broken into small
aromatic intermediates [54,55]. The 49% photodegradation of MB
dye in the presence of Cr(VI) at the EDAS/(TiO2–Au)nps film required
only 10 min  when compared to (TiO2)nps and (TiO2–Au)nps films in
the absence of EDAS (Fig. 7). Under similar experimental condition,
60% photodegradation of MB  dye required 1 h in the absence of
Cr(VI) at the bare (TiO2)nps and (TiO2–Au)nps films (Fig. 6). Varying
the concentration of Cr(VI) did not affect the MB  degradation and
varying the concentration of MB  affected the Cr(VI) reduction.

The decrease in total organic carbon (TOC) content observed
during the photocatalytic degradation of MB  in the absence of
Cr(VI) (Fig. 8) and in the presence of Cr(VI) (Fig. 9) using (TiO2)nps,
(TiO2–Au)nps and EDAS/(TiO2–Au)nps films under irradiation is

plotted against the time. In the absence of Cr(VI), the mineraliza-
tion of MB  dye reached the highest value in 20 min  of irradiation at
the EDAS/(TiO2–Au)nps film. However, in the presence of Cr(VI) the
mineralization of MB  dye reached the highest value in about 10 min
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Fig. 9. Photocatalytic mineralization of methylene blue in the presence of Cr(VI)

ig. 7. Photocatalytic oxidation of MB  in the presence of Cr(VI) at (TiO2)nps (P-25) (a),
TiO2–Au)nps (b) and EDAS/(TiO2–Au)nps (c) films under irradiation. Concentration
f Cr(VI) = 0.4 mM and methylene blue = 4 mM.

t the EDAS/(TiO2–Au)nps. The photocatalytic mineralization of MB
ye was found to be higher at the EDAS/(TiO2–Au)nps film when
ompared to (TiO2)nps (P-25) and (TiO2–Au)nps film (Figs. 8 and 9).
his is mainly attributed to the effective simultaneous utilization
f photoinduced holes/electrons at the EDAS/(TiO2–Au)nps film.
he increased photocatalytic performance is mainly attributed to
he presence of Aunps on the (TiO2)nps surface since the Aunps act
s an electron sink for the photogenerated electrons and mini-
izes the charge recombination process [19]. The Aunps is a well

nown electron conductor and catalyst, and hence the photogen-
rated electrons are rapidly transferred from (TiO2)nps to the Cr(VI)
hrough the Aunps [8,19].  The holes formed at the (TiO2)nps oxi-
ize the sacrificial electron donor MB.  The deposition of Aunps on
TiO2)nps also decreases the band-gap energy of (TiO2)nps leading
o the absorption of visible light by the (TiO2)nps.

The schematic representation of the photocatalyzed

imultaneous reduction–oxidation reaction occurring at
he EDAS/(TiO2–Au)nps film as shown in Fig. S8.  When the
DAS/(TiO2–Au)nps is irradiated with light, the charge separation
h+/e−) occurs at the (TiO2)nps. The conduction band electrons
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rradiation. Concentration of methylene blue = 4 mM.
ions  at (TiO2)nps (P-25) (a), (TiO2–Au)nps (b) and EDAS/(TiO2–Au)nps (c) films under
irradiation. Concentration of Cr(VI) = 0.4 mM and methylene blue = 4 mM.

are rapidly transferred to the Aunps at the interface. The Aunps

instantaneously transfer the electrons to reduce the Cr(VI) to
Cr(III) and the holes at the valance band of the (TiO2)nps oxidize the
sacrificial electron donor MB  dye. The Aunps act as an electron sink
and plays a vital role in the photocatalytic activity by facilitating
effective interfacial charge transfer process leading to the simul-
taneous photocatalytic reduction and oxidation processes. This
simultaneous photocatalytic reduction and oxidation processes
provides the dual benefits for the environmental remediation and
purification processes.

4. Summary

In summary, the diamine functionalized EDAS silicate sol–gel
supported nanocomposite (TiO2–Au)nps material was  prepared by
a simple deposition–precipitation method and characterized by
DRS, TEM, SEM, EDAX, BET and XRD analysis. The smaller Aunps

were deposited on the EDAS/TiO2 than on the bare TiO2. The dis-
persion (TiO2–Au)nps into EDAS silicate sol–gel paves the way  to
prepare solid-phase EDAS/(TiO2–Au)nps in the film state. This pho-
tocatalyst film was  utilized for the simultaneous photoinduced
reduction and oxidation of pollutants like Cr(VI) and MB dye,
respectively. The presence of smaller Aunps on the (TiO2)nps surface
effectively improves the synergistic action in the photocatalytic
reduction of Cr(VI) to Cr(III) and the photocatalytic oxidation of MB
dye when compared to the bare (TiO2)nps. The EDAS/(TiO2–Au)nps

nanocomposite solid-phase photocatalyst is a potential candidate
for environmental remediation and purification processes through
the photoinduced advanced oxidation–reduction processes.
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