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Abstract
The present communication specifically aims to synthesize novel nanocomposite material Au NPs/TiO2 in a simple template
process using the polyethylene glycol as filler media. The thin film of the nanocomposite material was characterized by the
advanced analytical tools. The surface morphology was obtained by the scanning electron microscopic (SEM) and transmission
electron microscopic (TEM) images of solids. Similarly, the surface topography and roughness of solid were obtained by the
atomic force microscopic (AFM) image of thin film. X-ray diffraction (XRD) data enabled to confirm that the TiO2 was
predominantly present with its anatase phase. The specific surface area and pore size of the solid were obtained using the N2

adsorption/desorption data. Nanocomposite Au NP/TiO2 thin film was employed in the photocatalytic removal of sulfamethox-
azole and triclosan from aqueous solutions using less harmful UV-A light (λmax = 330 nm). Various physicochemical parametric
studies enabled to deduce the mechanism involved in the degradation process. The degradation kinetics as a function of pH (pH
4.0–10.0) and micro-pollutant concentrations (0.5–15.0 mg/L) was extensively studied. The mineralization of these pollutants
was obtained using the non-purgeable organic carbon (NPOC) data. The stability of thin film was assessed by the repeated
operations, and presence of several co-existing ions simulates the studies to real matrix treatment. Further, the presence of
scavengers enabled to pin point the radical-induced degradation of sulfamethoxazole and triclosan from aqueous solutions.

Keywords Emerging water pollutants . Nanocomposite Au NPs/TiO2
. Degradation kinetics . Mineralization . Stability of

catalysts

Introduction

The detection of several pharmaceuticals and personal care
products (PCPs) in water bodies is found ubiquitous and wide-
spread (Mompelat et al. 2009; da Silva et al. 2011; Wu et al.
2012). These water contaminants are persistent and found
difficult to eliminate completely in the existing biological or

physicochemical wastewater treatment plants. Hence, they are
eventually escaped through the wastewater treatment plants
(WWTPs), at low level, and subsequently enter into the fresh
water system, contaminating the water bodies, viz., drinking
water, surface water, or even the river/lake waters. Based on
its toxicity or prevalence to drug resistance in the environment
and human commensal microbes or due to persistence in na-
ture, these compounds are known as emerging water pollut-
ants (Constantin et al. 2018; Han et al. 2017). Although the
regulatory bodies have not prescribed the permissible limit of
these emerging pollutants in the water bodies, however, based
on its potential risk towards the human being, animals or
aquatic life, it is important to eliminate effectively from aque-
ous solutions (Kosera et al. 2017).

Sulfamethoxazole is one of widely used antibiotics which
belongs to the sulfonamide group of antibiotics. This is in-
cluded with the other antibiotics sulfadiazine, sulfamerazine,
sulfamethazine sulfathiazole, and sulfapyridine (Kolpin et al.
2002a; Cheng et al. 2017). It was most detected (100%) water
contaminants as monitored in 139 streams in the USA from
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1999 to 2000 (Ahmed et al. 2015; Kang et al. 2018).
Sulfamethoxazole possesses the log Kow and pKa values of
0.89 and 1.6/5.7, respectively. This antibiotic is widely used as
bacteriostatic agent and frequently supplemented in human
and veterinary medicines (Hu et al. 2007; Wang et al.
2018b). This is also prescribed as a synergistic additive with
trimethoprim to treat urinary tract infections (Dias et al. 2014).
The contamination of aquatic environment by the pharmaceu-
ticals, in general, is mainly due to the wastewaters that origi-
nate from the hospitals, veterinary clinics, households, phar-
maceutical manufacturing facilities, etc. Similarly, a large and
significant contribution is from the wastes originating from
the livestock as the feces and urine of animals contained with
significant load of antibiotics (Behera et al. 2011). A report
suggested that about 29.9 million pounds of antibiotics were
used on farm animals (Leavey-Roback et al. 2016; Wang and
Wang 2016). Since, only part of it is metabolized and Ca 70–
90% is excreted through feces and urines as such or its me-
tabolite forms (Massé et al. 2014). This subsequently enters as
influent of WWTPs and eventually contaminates the water
bodies.

On the other hand, the triclosan (5-Chloro-2-(2,4-
dichlorophenoxy)phenol) is polychlorinated aromatic antimi-
crobial drug. It effectively inhibits the enoyl-acyl carrier pro-
tein reductase for fatty acid synthesis in bacteria, blocking
lipid biosynthesis in Escherichia coli and promoting a muta-
tion in a FabI gene (Heath et al. 2000; Heath and Rock 2000;
Jones et al. 2000). It is often included as an additive for many
health and personal care products (Sivaraman et al. 2003).
Triclosan is introduced as a preservative or as an antiseptic
agent for several consumer products of daily use, viz., hand
soaps, skin creams, toothpastes, and household cleaners or
even in textiles (Singer et al. 2002; Yang et al. 2011). It is
reported that triclosan is less toxic, hence less health concerns;
however, triclosan is readily photo-transformed in aqueous
media and generat ing 2,8-dichloro-dibenzo 1,4-
dioxincompounds which are potential carcinogens (Aranami
and Readman 2007; Sanchez-Prado et al. 2006). Similarly, it
was pointed that methyl triclosan occurred through the bio-
logical methylation was known to be more lipophilic and
bioaccumulative than the parent triclosan compound
(Lindström et al. 2002). The acidic dissociation constant
(pKa) of triclosan is ranged between 7.9 and 8.1; hence, the
solubility of triclosan increases with the increase in pH (Grove
et al. 2003). The octanol-water partition coefficient (log Kow)
was reported to be 5.4 that indicates the compound is a stable
lipophilic (Hart 1999). Therefore, triclosan feebly accumu-
lates in aquatic and terrestrial organisms (Son et al. 2009).
Triclosan is one of abundantly detected contaminants in the
aquatic environment (Huang et al. 2016; Thomaidi et al. 2017)
and reported to be 57.6% in US streams and 62.7% in Elbe
River water samples (Kolpin et al. 2002a). It is often detected
in the human urine, plasma, breast milk, etc. samples

(Adolfsson-Erici et al. 2002; Allmyr et al. 2006; Arbuckle
et al. 2015). Triclosan is reported to be geno- and cytotoxic
compound studied for the aquatic organisms and species such
as algae and fish (Kolpin et al. 2002b). Another report indi-
cated that triclosan itself shows weak androgenic activity to-
wards aquatic life (Foran et al. 2000) and, hence, the estrogen-
ic and androgenic responses in human breast cancer cells (Gee
et al. 2008). These studies further demonstrated that triclosan
is a potential endocrine-disrupting compound.

Therefore, the widespread and ubiquitous presence of these
emerging water contaminants poses a serious environmental
challenge to tune better the existing wastewater treatment
technologies to eliminate these contaminants effectively. The
role of advanced hybrid materials or metamaterials showed
widespread applications in the area of electronics
(Srinivasarao et al.; Guslienko 2008; Shankar et al. 2018;
Sun et al. 2018), enhanced interfacial shear strength (IFSS)
and tensile strength materials (Wang et al. 2017), mechanical
properties (Liu et al. 2017), and electrically conducting ther-
moplastic materials (Liu et al. 2015, 2016, a; Hu et al. 2018; Li
et al. 2018) or even in several environmental remediation
strategies (Song et al. 2012; Ahmed et al. 2015). Similarly,
the 2D photocatalysts were employed in the efficient water
splitting process (Su et al. 2018). The composite materials
based on titania were used for an enhanced catalytic activity
or even in self-cleansing titania mesh membrane for efficient
oil/water separation process (Zhang et al. 2017b; Kang et al.
2018). The antibacterial and bacterially adhesive cotton fab-
rics coated with cationic fluorinated polymer materials were
synthesized by co-polymerization process (Lin et al. 2018).
An interesting computer simulation study was overviewed to
study the physical properties of several nanocomposite mate-
rials (Zhao et al. 2017). In a line, the advanced oxidation
process integrated with the TiO2 or titania-based
photocatalysts is found to be an effective method to degrade
the stable and potentially emerging micro-pollutants (Zhang
et al. 2017a). The process includes with in situ generation of
highly reactive hydroxyl radicals (rate constants in the order of
106 to 109 M−1 s−1) that are predominantly responsible for the
degradation/or even mineralization of micro-pollutants from
wastewaters (Buxton et al. 1988; Zhang et al. 2017a, b). The
variety of template materials were introduced in literature to
synthesize several nanocomposites that include acrylonitrile-
butadiene-styrene, polydimethylsiloxane, poly(acrylic acid),
polyacrylonitrile, and poly(vinyl alcohol) (Li et al. 2017;
Sun et al. 2017a; Ma et al. 2017; Wang et al. 2018a; X. Cui
et al.). Literature survey further reveals that the graphene-
based titanium oxide composite materials were found useful
in the removal of antibiotics, viz., sulfamethoxazole (SMX),
erythromycin (ERY), and clarithromycin (CLA), antibiotic-
resistant bacteria, and their associated genes using the solar
radiation. The results indicated that the composite materials
could degrade ERY (84 ± 2%), CLA (86 ± 5%), and SMX (87
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± 4%) which were slightly higher than the pristine TiO2

photocatalyst (Karaolia et al. 2018). Iron phthalocyanine is
supported with activated carbon fiber (FeMATNPc) to en-
hance the catalytic degradation of sulfamethoxazole from
aqueous solutions. The EPR results demonstrated that the rad-
ical species and the higher valent iron (Fe(IV)) were domi-
nantly involved in the degradation of sulfamethoxazole (Wang
et al. 2018b). Similarly, several photo-Fenton or Fenton-like
processes were demonstrated in the removal of sulfamethox-
azole using the materials Ce-Fe-graphene nanocomposite
(Wan et al. 2016) or ferrioxalate complexes (Dias et al.
2014). On the other hand, a photoelectrocatalytic (PEC) pro-
cess along with the UV illumination showed to achieve 78.7%
removal of triclosan; however, the harmful intermediate 2,7-
dichlorodibenzodioxin (DCDD) was formed in the degrada-
tion process (Liu et al. 2013). The TiO2-based photocatalytic
degradation of triclosan using the UV-A illumination showed
a high percentage removal, and the kinetic studies showed that
the degradation process followed the Langmuir–Hinshelwood
model (b = 27.99 mM−1, Ktriclosan = 9.49 mM−1) (Son et al.
2009). A CPC reactor (packed bed reactor type CPC) was
packed with the TiO2-impregnated tezontle stones, and it
was then operated for the removal of triclosan using the solar
radiations. This could achieve a removal efficiency of 74% in
presence of persulfate as an effective electron acceptor
(Martínez et al. 2014). TiO2 (Degussa) photocatalyst was
employed in the degradation of triclosan from aqueous solu-
tions using the UV light (λ < 365), and it is interesting to
observe that no dichlorophenol intermediate was formed in
the photocatalytic degradation process (Yu et al. 2006). The
heterogeneous zinc oxide (ZnO: crystal phase wurtzite)
immobilized with sodium alginate showed fairly a high re-
moval efficiency of triclosan within 20min of contact whereas
solar-irradiated sample required 90 min of contact to achieve
the degradation efficiency 90% (Kosera et al. 2017). Similarly,
the Fenton-like processes using the BiFeO3 magnetic nano-
particles (BiFeO3 MNPs) (Song et al. 2012) or ferric ion
(Munoz et al. 2012) were introduced to achieve a high degra-
dation efficiency of triclosan from aqueous solutions.

The TiO2 catalyst decorated with the noble metal nanopar-
ticles (NPs), viz., NPs of Ag or Au could absorb the photon in
the visible region since these NPs enable to cause the surface
plasmon resonance effect and stimulate the localized electric
field in the vicinity of TiO2 that results in facile generation of
e−/h+ pairs at the surface of TiO2 (Ihara et al. 1997).
Additionally, the NPs on TiO2 act as co-catalysts which pro-
mote the e−/h+ separations (Seery et al. 2007). The catalytic
activity of TiO2 largely depends upon the particle size, geom-
etry, and the type of noble metal NPs doped in its sphere (El-
Sayed 2001). Previously, the BaTiO3 nanoparticles were syn-
thesized by the thermohydrolysis route which provides a nov-
el low-temperature route in the synthesis of perovskite films.
The films possessed with a stable dielectric constant of 30

having the frequency ranged from 0 Hz to 1 MHz (Sun et al.
2017b). Similarly, the enhanced lithium ion batteries were
obtained using the nanocomposites of TiNb2O7/carbon nano-
tubes or nanoparticles of FeNb11O29 as anode materials (Lou
et al. 2017; Hou Qinzhi et al. 2018). In a line, the TiO2 thin
films are a viable option of utilizing the photocatalysts in the
treatment of wastewater treatment plants that makes the phase
separation easy and possesses greater applicability in the re-
peated catalytic operations. However, the impregnation of
NPs with TiO2 network in thin film is a challenging objective.
A simple deposition of NPs is found unstable under reaction
conditions, and it readily migrates and aggregates to the larger
particles. This causes the loss of its unique properties (Huang
et al. 2017). Therefore, present communication aims to syn-
thesize a Au NP/TiO2 nanocomposite thin film with the tem-
plate synthetic method. Further, the nanocomposite material
was employed in the remediation of aqueous solutions con-
taminated with emerging water pollutants, viz., sulfamethox-
azole and triclosan. The detailed physicochemical parametric
studies enabled to deduce the mechanism of degradation, and
kinetic studies revealed the efficiency of nanocomposite ma-
terials in the degradation process.

Materials and methods

Chemical and materials

Gold(III) chloride hydrate, triclosan (99.999%), sulfamethox-
azole, acetic acid (99%), and sodium borohydride (98%) were
obtained from the Sigma-Aldrich. Co., USA. Titanium (IV)
isopropoxide (99%) and polyethylene glycol (average molec-
ular weight 800) were obtained from the Samchun Pure
Chemical Co. Ltd., Korea. Sodium nitrate and ethylenedi-
aminetetraacetic acid disodium salt was obtained from Loba
Chemicals, India. Ethanol anhydrous was obtained from the
Daejung Chemicals & Metals Co. Ltd., Korea. Sodium chlo-
ride, sodium azide, oxalic acid dihydrate, sodium hydrogen
carbonate, 2-propanol, zinc chloride dry, cadmium nitrate
tetrahydrate, copper (II) sulfate pentahydrate, glycine, and
acetonitrile (HPLC grade) were obtained from the Merck
India Ltd., India. Purified water (18.2 MΩ cm at 25 °C) was
collected from the Millipore Water Purification system (mod-
el: Elix 3).

UV-visible spectrophotometer (Thermo Fisher Evolution
Model-220, UK) was employed for the spectrophotometric
determination of sulfamethoxazole or triclosan in aqueous so-
lutions. The sulfamethoxazole and triclosan give the distinct
absorption peaks at the wavelength (λmax) 360 and 254 nm,
respectively. The standard solutions of sulfamethoxazole or
triclosan were prepared having the micro-pollutant concentra-
tions 0.5, 1.0, 5.0, 10.0, and 15.0 mg/L. Calibration lines were
drawn between the concentrations of these standard solutions
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and its corresponding measured absorbance (correlation coef-
ficient R2 = 0.999). The total organic carbon (TOC) analyzer
(Shimadzu, Japan; model: TOC-VCPH/CPN) was employed
to measure the non-purgeable organic carbon (NPOC) values
to study the, possible, mineralization of sulfamethoxazole or
triclosan from aqueous solutions by the photolytic/or photo-
catalytic treatments. A UV-A lamp, wavelength (λmax) =
360 nm (model: 9W, PLS9W BLB/2P 1CT, Philips), was
obtained from the Hansung UV Pvt. Co. Ltd., Korea.

Methodology

Synthesis of gold nanoparticles

Nanoparticles of gold were obtained by using previously de-
scribed method (McFarland et al. 2004). Briefly, 0.1 mmol/L
of gold(III) chloride solution was prepared in distilled water.
Fifty-milliliter gold(III) solution was taken into a conical flask
and was heated up to its boiling. Then slowly, under the stirred
conditions, 2-mL 1% trisodium citrate solution was added
quickly to the gold(III) solution. The solutionwas taken off from
the hot plate. The gold(III) rapidly reduces to Au(0) and the
color of the solution was quickly changed to deep red. The gold
nanoparticles were formed and it was found stable for hours.

Synthesis of Au/titania sol

A template synthesis of TiO2 was carried out using the titani-
um alkoxide precursor. The polyethylene glycol was intro-
duced as a template to generate ti tania network.
Titanium(IV) isopropoxide 28 g was mixed with 13 g of
acetylacetone and 2 g of polyethylene glycol was dissolved
in it. Simultaneously, freshly prepared 10 mL of Au(0) nano-
particle suspension was mixed. Further, a solution mixture of
ethanol (184 g), acetic acid (5.8 g), and distilled water (22.5 g)
was mixed slowly to the titanium solution. The solution mix-
ture was stirred vigorously for 2 h followed by sonication for
30 min in a sonication bath. A clear sol Au NP/TiO2 was
obtained which was aged for Ca. 24 h and employed for the
fabrication of thin films.

Preparation of nanocomposite Au NP/TiO2 thin film

Borosilicate glass disk (2.3 cm diameter and 0.5 mm thick-
ness) was cleaned by 0.1 mol/L HNO3 and washed repeatedly
by the distilled water and dried in a drying oven. Further, the
disk was taken slowly in the transparent solution of Au NPs/
TiO2 and placed vertically in the titania sol for 1 h. It was then
taken out slowly using a forceps. The disk was kept in air for
Ca 12 h and then dried first at 100 °C for 1 h followed by
annealing at 500 °C for 3 h in an electric furnace (Nabertherm;
model no. LT/15/12/P330, Germany). This results a very fine
thin film formation of nanocomposite Au NPs/TiO2 onto the

substrate surface. Further, the process was repeated for anoth-
er two times that enables to obtain a fine and smooth thin film
formation onto the surface. The thin film samples were stored
in a vacuum desiccator under dark conditions for its further
use as photocatalyst.

Further, the solvents of sol solution Au NPs/TiO2 were
evaporated at 105 °C followed by annealing at 500 °C to
obtain the nanocomposite Au NP/TiO2 solid. The solid was
crushed in a mortar to obtain the fine powder of material. It
was kept in the airtight polyethylene bottle.

Morphological study of material

The surface morphology of thin film Au NPs/TiO2 was ob-
tained by the scanning electron microscope (SEM) machine
(model FE-SEM SU-70, Hitachi, Japan). Similarly, the nano-
composite Au NP/TiO2 powder was subjected for the trans-
mission electron microscopic (TEM) analysis using the TEM
analyzer (Tecnai F20 Transmission ElectronMicroscope, FEI,
USA). The topographical 3D image of thin film was obtained
by the atomic force microscope (AFM) machine (XE-100
apparatus from Park Systems, Korea) having sharp tips
(>8 nm tip radius; PPP-NCHR type from Nanosensors™).
The images were taken over the area of 10 × 10 μm2 and it
was conducted in a non-contact mode. The 3D data clearly
enabled the pillar height of TiO2 along with the surface
roughness.

Characterization of thin films

The X-ray diffraction (XRD) data of Au NP/TiO2 thin film
was collected using the X-ray diffraction machine (i.e.,
PANalytical, Netherland; model X’Pert PRO MPD). It was
recorded at the scan rate of 0.033 of 2θ illumination and hav-
ing the generator settings 30 mA, 40 kV. The CuKα1 and
CuKα1 radiations were employed having wavelengths of
1.5406 and 1.54443 Å. The BET specific surface area was
obtained using BET surface area analyzer (model ASAP
2020; Protech Korea) based on the liquid N2 adsorption and
desorption method.

Photocatalytic removal of micro-pollutants

Stock solutions of sulfamethoxazole or triclosan (each
20.0 mg/L) were prepared in a purified water. In order to
increase the solubility of these micro-pollutants, the solutions
were sonicated for 10 min in a sonication bath. Further, the
required experimental concentrations of sulfamethoxazole or
triclosan were obtained by the successive dilution of each
stock solution. The pH of micro-pollutant solution was adjust-
ed by the dropwise addition of conc. HCl/NaOH solutions.
The concentration dependence data was collected by varying
each micro-pollutant concentrations from 1.0 to 15.0 mg/L.
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In order to conduct the photolytic or photocatalytic opera-
tions, a self-assembled photo reactor was used. A black box
(dimension 60 × 45 × 45 cm) was made by cardboard and
wrapped with black paper. A borosilicate glass beaker
(100 mL) was contained with 50.0 mL of micro-pollutant
solution and was placed inside the black box. Carefully, the
nanocomposite Au NP/TiO2 thin film disk was placed hori-
zontally at the bottom of the reactor vessel. A UV-A lamp was
mounted Ca 10 cm above to the micro-pollutant solution. The
UV-A radiations enter the photocatalyst through the pollutant
solution that enables the photocatalytic oxidation of micro-
pollutants, i.e., sulfamethoxazole or triclosan. The tempera-
ture of reactor was maintained to 25 ± 1 °C using a self-
assembled water bath. The sample solution was taken out
from the reactor at definite time intervals in order to analyze
the micro-pollutant concentrations using a UV-Vis spectro-
photometer. Always a blank experiment was performed using
only UV-A irradiation without the thin film photocatalyst for
comparison of photocatalytic degradation of these micro-
pollutants.

Results and discussion

Morphological study of thin films

The SEM image of Au NP/TiO2 thin film is shown in Fig. 1a.
Figure 1a clearly indicated that fine grains of TiO2 are distrib-
uted on the surface of borosilicate glass-making thin film of
composite material of Au NPs/TiO2. Very heterogeneous

surface structure is visible on the surface having some cracks
at places. Moreover, some of the mesopores are also seen on
the surface. Interesting to note that at places, the Au(0) nano-
particles are visible with the TiO2 structure. A similar
Au(NPs) were impregnated/decorated with the TiO2 nano-
tubes using the two-step anodization method. The Au nano-
particles were clustered at the TiO2 surface, and the density of
gold clusters depends largely on the gold concentrations along
with the bias voltages (Noothongkaew et al. 2017).

The TEM image of the powder nanocomposite Au NPs/
TiO2 was taken and presented in Fig. 1b. It is evident from the
TEM image that the Au nanoparticles are distributed with the
TiO2 network. The particle size was ranged within 25–30 nm.
Further, the interplanar distance of the Au Nanoparticles was
estimated to be 0.25 nm for the solid sample of Au NPs/TiO2.
It was reported previously that Au (NPs) are well dispersed
with the spherical surface of SiO2 having a mean diameter of
about 3–5 nm, and the interplanar distance of Au NP adjacent
lattice planes was measured to be 0.32 (Huang et al. 2017).
The other studies also indicated that the average Au particles
were ranged between 3 and 5 nm on the TiO2 catalyst surface
(Nguyen et al. 2008).

Further, the TEM/EDX elemental mapping was conducted
for the nanocomposite material Au NPs/TiO2 and results are
illustrated in Fig. 1c. The EDX mapping was recorded for the
elements titanium (Ti), oxygen (O), and gold (Au). The figure
clearly demonstrated that the oxygen is intimately associated
with Ti that confirmed the presence of TiO2 and forming a
chemical bond between the titanium and oxygen (Ti-O).
Moreover, it is evident from the figure that the Au

Ti O Au

(a) (b)

(c)

Fig. 1 a SEM image, b TEM
image, and c TEM elemental
mapping of the nanocomposite
Au NPs/TiO2
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nanoparticles are very evenly and distinctly distributed within
the titanium dioxide network. The Au0 nanoparticles are not
aggregated on the surface of titanium dioxide. Therefore, the
in situ impregnation of Au nanoparticles enabled to distribute
evenly within the titanium dioxide network. Similar EDX re-
sults were reported for the composite material TiO2-Pt/
graphene oxide solid that confirms the presence of Ti, O, Pt
elements, and uniform distribution of Pt nanoparticles over the
graphene sheets. The results further inferred that the intimate
contact within these components has provided an enhanced
photocatalytic activity of catalyst by the efficient carrier mo-
bility (Rosu et al. 2017).

Further, a 3D atomic force microscopic image of nanocom-
posite Au NP /TiO2 thin film is obtained and shown in Fig. 2.
It is observed that TiO2 is forming a very disordered hetero-
geneous structure on the surface. Moreover, it is pillared on
the surface and the average pillar height was found to be Ca
600 nm. Further, the root mean square roughness (Rq) and
mean roughness (Ra) were found to be 124.330 and
94.659 nm, respectively. It is evident again that the template
synthesis enabled to synthesize a good heterogeneous surface
structure with an enhanced pillar height of TiO2.

Characterization of thin films

The X-ray diffraction data was collected for the nanocompos-
ite Au NP/TiO2 thin film. Results are shown in Fig. 3. The
figure clearly reveals that the material is having predominantly
amorphous in nature. This is because the material was not
annealed at required high temperature. However, characteris-
tic peak was observed around the 2θ value of 25.5 indicated
the presence of anatase phase of TiO2 (Shorke et al. 2018).

Further, the BET specific surface area, pore volume, and
pore sizes of nanocomposite Au NPs/TiO2 were obtained by
the usual N2 adsorption/desorption method. The N2 adsorption/
desorption curves are illustrated in Fig. 4. Adsorption/
desorption isotherms revealed that it possessed the hysteresis
loop of H2 type, which indicated the pores are having narrow
mouths and cannel-like (Mendioroz et al. 1987; Seaton 1991).
The pore size, pore volume, and the specific surface area of
nanocomposite Au NPs/TiO2 were found to be 5.60 nm,
0.034 cm3/g, and 19.91 cm2/g, respectively. Therefore, the ma-
terial was possessed with good mesoporosity.

Photolytic and photocatalytic removal of triclosan
and sulfamethoxazole

pH dependence study

The pH dependence degradation of sulfamethoxazole and tri-
closan was conducted as a function pH and illustrated in
Fig. 5. Simultaneously, the speciation of sulfamethoxazole
and triclosan was carried out and presented in Fig. 5. The
pH dependence degradation of micro-pollutants greatly influ-
enced with the species distribution of these micro-pollutants
as well as the surface properties of solid catalyst. The photo-
catalytic processes largely depend upon the sorption of these
species onto the catalyst surface. Figure 5 clearly demonstrat-
ed that the increase in pH caused for decrease in percentage
removal of both the micro-pollutants from aqueous solutions.
More quantitatively, increasing the pH from 4.0 to 10.0, the
pollutant degradation was decreased from 64.45 to 55.18%
(for sulfamethoxazole) and from 60.94 to 40.63% (for triclo-
san), respectively.

Scale X 2 m/div

Z 600 nm/div

Fig. 2 Atomic force microscopic
image of nanocomposite Au NP/
TiO2 thin film
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It was reported that the sulfamethoxazole (SMX) is having
two dissociable hydrogens with the acid dissociation constant
values pKa

1 and pKa
2, respectively 1.8 and 5.6 (Lucida et al.

2000). Therefore, the speciation studies revealed that above
pH 3.6, the sulfamethoxazole is dominantly present with an-
ionic species either SMX(-) or SMX(2-) (cf Fig. 5). Below pH
3.8, it partly exists as neutral sulfamethoxazole species of
SMX(0). On the other hand, the pHPZC (point of zero charge)
values of anatase TiO2 lie within the pH 4.8 to 6.5 with an
accepted average value of 5.9. This indicated that the TiO2

surface carries a net positive charge below pH 5.9, and even-
tually with the dissociation of proton, it turns to dissociated
species and carries net negative charge above pH 5.9 as
depicted in Eq. (1):

≡Ti−OHþ
2 ↔ ≡ T−

pHPZC

OH0↔ ≡Ti−O− ð1Þ

This indicates that at moderate to high pH values, i.e., pH >
5.9, both the surface and sulfamethoxazole species are nega-
tively charged; hence, it electrostatically repels to each other.
This causes less sorption of sulfamethoxazole onto the catalyst
surface; therefore, a reduced degradation of sulfamethoxazole
at high pH value is recorded. However, an increased degrada-
tion of sulfamethoxazole at low pH value, i.e., at pH 4.0, is
due to the fact that the negatively charged sulfamethoxazole
species are strongly sorbed onto the positively charged TiO2

surface which favored the degradation of sulfamethoxazole.
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Similarly, pH dependence sorption of sulfamethoxazole by the
carbon nanotubes (CNT) was demonstrated under the fixed
bed column reactor studies (Tian et al. 2013). It was pointed
previously that the •OH radicals are having the same degrada-
tion tendency towards the anionic or neutral species of sulfa-
methoxazole; hence, a constant rate was obtained, i.e., kSH,
•OH and kS-, •OH having the value of (7.63 ± 0.85) ×
109 M−1 s−1 (Yang et al. 2017). Other studies revealed that
in a Fenton-like process, a similar less degradation of sulfa-
methoxazole was obtained at higher pH values employing the
zero-valent iron under the oxic and anoxic environment
(Kobayashi et al. 2017).

On the other hand, triclosan is a monoprotic acid and hav-
ing the acid dissociation constant pKa value 7.9 (Muzvidziwa
et al. 2017). Hence, triclosan predominantly exists as a neutral
species below pH 7.9 and pH > 7.9; it turns to the anionic
species (cf Fig. 5). Therefore, increasing the pH causes a de-
crease in the sorption of triclosan by the TiO2 surface; hence, a
decreased degradation percentage of triclosan is obtained at
high pH values, i.e., pH 8~10. These results further indicated
that the neutral species of triclosan is readily degraded by the
photocatalytic degradation. This is possibly due to the affinity
of neutral triclosan species towards the TiO2 surface, and the
neutral species are less stable compared to the anionic species
of triclosan. The results are in a line to the other reports indi-
cated that a decrease in pH from 7.0 to 10.0 greatly decreased
the pseudo-second-order rate constant (kapp) values in the deg-
radation of triclosan by ferrate(VI) (Yuval et al. 2017).
Moreover, the sorption of triclosan by the carbon nanotube
(CNT) and functionalized CNT was decreased with the in-
crease in pH (Li et al. 2017).

Further, it was noted that significantly less degradation of
sulfamethoxazole or triclosan was obtained with the photolyt-
ic process at all studied pH compared to the photocatalytic
process conducted with using the nanocomposite Au NP/
TiO2 thin film (cf Fig. 5). This clearly demonstrated that the
thin film nanocomposite Au NPs/TiO2 showed a greater cata-
lytic activity that enabled to enhance the degradation percent-
age of sulfamethoxazole or triclosan from aqueous solutions.
Moreover, increasing the pH from 4.0 to 10.0, a marked de-
crease in percentage degradation of these micro-pollutants is
recorded. More quantitatively, increasing the pH from 4.0 to
10.0, the percentage degradation of sulfamethoxazole is de-
creased from 22.72 to 14.99, respectively. Similarly, the tri-
closan removal was decreased from 23.44 to 15.63% for the
similar increase in pH. These results are pointed that the an-
ionic species of sulfamethoxazole or triclosan are more stable
than the neutral species of these micro-pollutants.

Concentration dependence removal of micro-pollutants

The initial concentration of sulfamethoxazole and triclosan
was increased from 0.5 to 15.0 mg/L at constant pH 6.0.

The micro-pollutants were treated for a constant time interval
of 2 h using UV-A lamp. The percentage removal of sulfa-
methoxazole or triclosan was recorded and presented as a
function of micro-pollutant concentration in Fig. 6. It is evi-
dent from the figure (Fig. 6) that increasing the micro-
pollutant concentration significantly decreases the percentage
removal of both the micro-pollutants, viz., sulfamethoxazole
or triclosan, from aqueous solutions for the photolytic or pho-
tocatalytic processes. Increasing the concentration of micro-
pollutant from 0.5 to 15.0 mg/L has caused to decrease the
percentage removal of micro-pollutant from 75.27 to 35.60%
(for sulfamethoxazole) and from 71.87 to 22.19% (for triclo-
san), respectively, using the nanocomposite Au NP/TiO2 thin
film. This decrease in percentage removal of micro-pollutants
with the increase in initial concentration of micro-pollutant is
explained with the fact that the contact possibilities of pollut-
ants to the catalyst surface are relatively high at lower pollut-
ant concentrations. Additionally, the catalyst surface
contained with relatively higher percentage of surface active
sites for lower number of total pollutant species present at
lower concentration of pollutant (Lalhriatpuia et al. 2015).
Moreover, the high concentration of pollutant species scav-
enges the catalyst activity; hence, a lower removal of pollutant
was obtained at higher concentration of pollutants (Nasseri
et al. 2017). Similarly, the results indicated that the photolytic
degradation of sulfamethoxazole or triclosan is significantly
less than the corresponding photocatalytic removal of these
pollutants using the nanocomposite Au NP/TiO2 thin film.
This further inferred the potential catalytic activity of nano-
composite in the degradation of these emerging water
contaminants.

Kinetic studies of micro-pollutant degradation

The time dependence photolysis or photocatalytic degradation
of sulfamethoxazole and triclosan was carried out, and the
observed values were modeled with a known pseudo-first-
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order rate equation (Tiwari et al. 2015). The kinetics was per-
formed at all studied concentrations and at pH 6.0.

The pseudo-first-order rate constant (kapp) values were ob-
tained at all the studied concentrations and presented in Fig. 7.
The linear and non-linear (exponential) fitting for the pseudo-
first-order rate equations was conducted to obtain the pseudo-
first rate constant values for both the micro-pollutants, viz.,
sulfamethoxazole and triclosan, and the fitting data is shown
in insets of Fig. 7. It is evident from Fig. 7 that a decrease in
micro-pollutant concentration from 15.0 to 0.5 mg/L was ap-
parently favored the rate constant values. More quantitatively,
decreasing the concentration of sulfamethoxazole from 15.0
to 0.5 mg/L had caused to increase the pseudo-first-order rate
constant values from 2.9 × 10−3 to 9.7 × 10−3 min−1, respec-
tively, using the nanocomposite Au NP/TiO2 thin film.
Similarly, for a similar decrease in triclosan concentration,
the rate constant value was decreased from 1.7 × 10−3 to
8.8 × 10−3 min−1, respectively, using the photocatalyst thin
film. On the other hand, the pseudo-first-order rate constant
values obtained for the photolytic degradation of sulfameth-
oxazole or triclosan are significantly lower than the corre-
sponding rate constant values obtained for the photocatalytic
degradation of these micro-pollutants (cf Fig. 7). This again
reaffirmed the utility of nanocomposite Au NP/TiO2 thin film
photocatalyst in the removal of sulfamethoxazole or triclosan
in aqueous solutions. A similar pseudo-first-order kinetics was
obtained for the photocatalytic degradation of dyes (methy-
lene blue, rhodamine B, eosin Y, and Congo red) from aque-
ous solutions using the CuS (NPs) photocatalyst (Ayodhya
et al. 2016). Similarly, the triclosan degradation by the
electro-Fenton process showed to be the pseudo-first-order
rate kinetics (Sirés et al. 2007).

Further, it is interesting to find that the photocatalytic deg-
radation of sulfamethoxazole and triclosan followed the
known Langmuir–Hinshelwood (L-H) isotherm to its linear
form at the studied concentrations (Lalhriatpuia et al. 2015).
The L-H adsorption constant BK^ (L/mg) and the rate constant
Bkr^ (mg/L/min) values were estimated and found to be 0.167
and 6.02 × 10−2 (R2 0.979; for sulfamethoxazole) and 0.384
and 2.64 × 10−2 (R2 0.984; for triclosan), respectively, using
the nanocomposite Ag NPs/TiO2 thin film. These results in-
ferred that the photocatalytic degradation of these micro-
pollutants fairly well demonstrated with the L-H kinetic
modeling.

NPOC removal of micro-pollutants

The removal of micro-pollutants was intended to its mineral-
ization, and the percentage mineralization of sulfamethoxa-
zole or triclosan was obtained for the photolysis or photocat-
alytic processes. Therefore, the non-purgeable organic carbon
(NPOC) data was collected for the treated aqueous samples.
Using the initial NPOC values of micro-pollutants, the

percentagemineralization was obtained at different pH values.
The initial concentration of these micro-pollutants was kept
constant 1.0 mg/L and the total illumination time was 2 h. The
results were presented in Fig. 8. Figure 8 clearly demonstrated
that increasing the solution pH, i.e., pH 4.0–10.0, had caused
to decrease significantly the percent mineralization of these
two pollutants. Quantitatively, increasing the pH from 4.0 to
10.0 the respective decrease in percentage NPOC removal
was decreased from 54.30 to 39.49% (for sulfamethoxazole)
and from 32.29 to 26.84% (for triclosan), respectively, using
the nanocomposite Au NP/TiO2 thin film photocatalyst. On
the other hand, the photolytic mineralization of these two pol-
lutants was obtained significantly less than the corresponding
photocatalytic degradation. Although, a partial but significant
amount of the micro-pollutants was mineralized in the photo-
catalytic process, however, a complete mineralization could
be achieved with a prolonged or multiple operations of the
process. The NPOC removal results were quite in a line to
the results obtained for the degradation of pollutants in the
concentration dependence studies.

Repeated use of thin film catalyst

The nanocomposite Au NP/TiO2 thin film was subjected for
the repeated photocatalytic operations, i.e., at least six-cycle
operations, and results are presented in Fig. 9. The thin film
was washed with distilled water and dried in a drying oven at
105 °C for 3 h and again was used for the next cycle of
operation. The initial concentration of micro-pollutant was
taken 5.0 mg/L with a constant pH 6.0. The results clearly
demonstrated (Fig. 9) that even at the end of six cycle of
operations, the percentage efficiency of photocatalyst was
not hampered and almost an identical removal of sulfameth-
oxazole or triclosan was obtained. More quantitatively, at the
completion of six cycles, the percentage removal of sulfa-
methoxazole was decreased from 55.24 to 54.60% (i.e., a
decrease of 0.64%). Similarly, the triclosan percentage remov-
al was decreased from 36.22 to 35.26% only (i.e., a decrease
of 0.96%) at the end of six cycles of operations. These results
showed that fairly a good stability of nanocomposite Au NP/
TiO2 thin film was achieved at least in successive operations
of photocatalytic treatment. This eventually enhanced the ap-
plicability of the nanocomposite thin film in the wastewater
treatment. It was reported previously that methyl orange re-
moval using the TiO2 supported on spherical activated carbon
(TiO2/SAC) was significantly decreased even at the comple-
tion of five cycles of operations (Yoon et al. 2012).

Presence of co-existing ions

Further, the presence of several co-exiting ions in the removal
of micro-pollutants is an important parameter which simulates
the study to the real matrix treatment. Therefore, the study was
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extended to assess the photocatalytic degradation of sulfa-
methoxazole and triclosan from aqueous solutions in presence
of several co-existing cations and anions, viz., NaCl, NaNO3,
NaNO2, CuSO4, Cd(NO3)2, ZnCl2, glycine, oxalic acid, and
EDTA using the Au NP/TiO2 photocatalyst. The initial con-
centration of sulfamethoxazole and triclosan was taken
5.0 mg/L and pH 6.0. The total illumination time was provid-
ed 2 h. Moreover, the co-existing ion concentration was taken
50.0 mg/L. The percentage of degradation of these micro-
pollutants in presence of co-existing ions is presented in
Fig. 10. The figure clearly revealed that the presence of these
ions affected to a greater or lesser extent the degradation of
sulfamethoxazole or triclosan. However, it is interesting to
note that the presence of EDTA, NaNO2, and oxalic acid
had caused to suppress significantly the degradation of triclo-
san. Similarly, the presence of EDTA affected the degradation
of sulfamethoxazole in the photocatalytic degradation

process. The presence of other ions was affected to a lesser
extent in the photocatalytic degradation of these two micro-
pollutants.

Radical scavenger study

The 2-propanol and HCO3
− molecules readily scavenge the

•OH radicals in aqueous solutions (Xu et al. 2015;
Lalhriatpuia et al. 2015). Similarly, the EDTA could scavenge
the h+ in TiO2 semiconductor (Jia et al. 2017), and sodium
azide (NaN3) suppresses the singlet oxygen that occurred by
the interaction of superoxide radical and photogenerated
holes. The singlet oxygen readily degrades the organic com-
pounds in aqueous media (Barka et al. 2010). Therefore, the
photocatalytic degradation of sulfamethoxazole and triclosan
(initial concentration of each pollutant 5.0 mg/L and pH 6.0)
in presence of 2-propanol, HCO3

−, and sodium azide (each
one is having 1000 mg/L) was carried out using the nanocom-
posite Au NP/TiO2 thin film photocatalyst. The percentage
removal of sulfamethoxazole or triclosan in presence of these
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radical scavengers is shown in Fig. 11. The presence of these
scavengers, viz., 2-propanol, sodium azide, and sodium
biocarbonate, along with the EDTA (shown before) showed
a significant decrease in percentage removal of sulfamethox-
azole or triclosan from aqueous solutions. This indicated that
these radicals are scavenging greatly the involved radical spe-
cies; therefore, the removal of these pollutants was greatly
inhibited. It was therefore affirmed that the •OH radicals were
predominantly taking part in the photocatalytic degradation of
triclosan. Moreover, the hole was involved to produce the
•OH radicals that also degrade the micro-pollutants from
aqueous solutions. Similarly, the presence of sodium azide
that inhibited the removal of these pollutants showed that the
singlet oxygen, possibly, induces the oxidation of triclosan.

Overall the study therefore demonstrates that the absorp-
tion of UV-A radiations (λ = 360 nm) by the nanocomposite
Ag NPs/TiO2 thin film catalyst induces the photocatalytic
degradation of sulfamethoxazole or triclosan by the two dif-
ferent mechanistic pathways. UV-A photons cause to excite
the electrons from the VB to CB in the TiO2 semiconductor
where the Au(NPs) traps efficiently the excited electrons at the
CB. This eventually restricts the recombination of electron/
hole pairs in TiO2 catalyst. The trapped electrons are able to
generate the superoxide radical followed by the formation of
•OH radicals. On the other hand, the hole that is created in the
VB interacts with the O2 molecule and produces the O2• rad-
ical species. This results the formation of •OH radicals.
Therefore, the reactive radical species are predominantly in-
volved in the degradation of micro-pollutants. Similarly, the
other possible pathway of degradation is due to the localized
surface plasmon resonance effect which produces the electro-
magnetic field created by the absorption of photon energy by
the Au NPs. This electromagnetic field causes the local exci-
tation of the TiO2 with the generation of electron/hole pairs.
Therefore, it again enables the formation of •OH radical,

which simultaneously takes part in the degradation of sulfa-
methoxazole or triclosan from aqueous solutions.

Conclusion

Nanocomposite material Au NPs/TiO2 was synthesized by
the template method. SEM image of nanocomposite thin
film showed fine grains of TiO2 were distributed on the
surface of borosilicate glass and a heterogeneous structure
was obtained. Similarly, the TEM image of nanocomposite
powder showed the distribution of gold nanoparticles hav-
ing the particle size in the range of 25–30 nm and the
interplanar distance of the Au nanoparticles 0.25 nm.
AFM image of nanocomposite thin film showed that the
TiO2 was making a heterogeneous surface structure on the
surface and the root mean square roughness (Rq) and mean
roughness (Ra) were found to be 124.33 and 94.66 nm,
respectively. The TiO2 was predominantly possessed the
anatase phase with the thin film material. Moreover, the
liquid N2 adsorption/desorption results indicated that the
solid was having the H2 type of hysteresis loop and the
pore size, pore volume, and the specific surface area of
nanocomposite Au NPs/TiO2 were found to be 5.60 nm,
0.034 cm3/g, and 19.91 cm2/g, respectively. The thin film
nanocomposite materials were then successfully utilized in
the photocatalytic degradation of emerging micro-
polltants, viz., sulfamethoxazole and triclosan, from aque-
ous solutions using the less harmful UV-A light (λmax

360 nm). Increase in solution pH (pH 4.0–8.0) and initial
micro-pollutant concentrations (0.5–15.0 mg/L) greatly
hampered the percentage removal of these two pollutants
both in the photolytic and photocatalytic processes. The
kinetic studies showed that the degradation of sulfameth-
oxazole or triclosan was followed by the pseudo-first-order
rate kinetics and increase in concentration from 0.5 to
15.0 mg/L caused to decrease the pseudo-first-order rate
constant values from 9.7 × 10−3 to 2.9 × 10−3 min−1

(for sulfamethoxazole) and from 8.8 × 10−3 to 1.7 ×
10−3 min−1 (for triclosan), respectively. Moreover, the deg-
radation of these micro-pollutants followed reasonably
well the Langmuir–Hinshelwood isotherm. A significant
decrease in percentage of non-purgeable organic carbon
(NPOC) was achieved in the photocatalytic degradation
of sulfamethoxazole and triclosan. The simultaneous pres-
ence of several co-existing ions was tended to affect the
removal of these micro-pollutants. Moreover, the presence
of 2-propanol, sodium azide, HCO3

−, and EDTA inhibited
significantly the percentage removal of sulfamethoxazole
and triclosan from aqueous solutions. This confirmed the
active •OH radicals were involved in the degradation pro-
cess. The stability of nanocomposite thin film was
reassessed with the repeated use of catalyst which showed

Fig. 11 Photocatalytic degradation of sulfamethoxazole and triclosan in
presence of scavengers using the nanocomposite Au NP/TiO2 thin film
photocatalyst ([micro-pollutant] 5.0 mg/L; [scavengers] 1000.0 mg/L; pH
6.0)
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that no significant decrease in photocatalytic degradation
efficiency of these two micro-pollutants from aqueous so-
lutions. Overall, the template-synthesized photocatalyst Au
NP/TiO2 possessed an improved and enhanced catalytic
activity in the degradation of emerging micro-pollutants.
Moreover, the photocatalytic efficiency was found to be
remarkably higher than the photolytic degradation efficien-
cy at least for the removal of sulfamethoxazole and
triclosan.
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