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HIGHLIGHTS

« Nano-pillars TiO, immobilize onto
borosilicate glass using sol-gel
template method.

« Thin films with and without filler
(PEG) is well characterized.

« Thin films are utilized in the
photocatalytic degradation of
micro-pollutants.

« Physico-chemical studies enabled to
deduce mechanism of degradation.
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Thin Films of nano-TiO, was obtained with and without PEG (S2and S1)
and utilized in the ph i ion of micro-poll

ABSTRACT

Nanopillars-TiO, was immobilized onto a borosilicate glass disk using sol-gel template method. The TiO,
film was immobilized with and without polyethylene glycol as filler media and annealed at 500 °C. The
prepared films were characterized by the IR, XRD, XRF and XPS analytical methods. The surface morphol-
ogy was obtained using FE-SEM and AFM images of these thin films and the BET specific surface area was
obtained. Further, the Nanopillars TiO, was employed in the photocatalytic degradation of
micro-pollutants viz., diclofenac sodium and tetracycline hydrochloride from aqueous solutions using
UV-light under batch reactor operations. Various physico-chemical parametric studies viz., effect of pH,
pollutant concentration and interfering ions was studied to deduce the mechanism involved in photocat-
alytic degradation of these pollutants. The time dependence degradation of these pollutants provided
kinetics of degradation of these pollutants from aqueous solutions. The studies were further extended
with total organic carbon measurement using TOC analyser to demonstrate an apparent mineralization
of these pollutants. The photocatalytic degradation was assessed in presence of scavengers and several
co-existing ions to simulate the data for real wastewater matrix. The hydroxyl radical scavengers
2-propanol and sodium bicarbonate greatly suppressed the catalytic activity of the thin films.
However, the singlet oxygen scavenger sodium azide could not affect significantly the catalytic activity
of these thin films at least the degradation of diclofenac sodium and tetracycline from aqueous solutions.
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1. Introduction

Presence of organic micro-pollutants, in particular variety of
pharmaceuticals and personal care products (PPCPs), seemingly
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pose serious environmental concerns during recent past; since sev-
eral micro-pollutants are persistent, low biodegradable and toxic
even at low level. A widespread occurrence of PPCPs is demon-
strated by a number of monitoring agencies and measurable con-
centration of many of the PPCPs are detected in the wastewater,
surface water, sediments, groundwater, and even in drinking water
[1]. PPCPs enter into the terrestrial environment through direct
runoff and excretion of un-metabolized drugs or active metabolites
and/or degradation by-products [2]. It was reported that Ca 70% of
consumed pharmaceuticals were excreted through human urine as
active ingredients or metabolites [3,4]. The normal sewage treat-
ment system is insufficient to eliminate such pollutants com-
pletely, which results in presence of residual load of pollutants in
the effluent water [5].

Tetracycline (TC; Structure 1) is an antibiotic drug widely pre-
scribed for the treatment of bacterial infections [6]. TC is employed
in aquaculture and livestock industry as one of typical antibiotic
[7], food additives and growth promoters in farming and animal
husbandry [8]. The consumption of tetracycline for veterinary pur-
poses is higher than for other classes of antibiotics [9]. Similarly,
diclofenac (2-[-2',6’-(dichlorophenyl)amino]phenyl acetic acid)
(Structure 2), used mostly to its sodium salt, is a non-steroidal
anti-inflammatory drug (NSAID) widely employed for the treatment
of inflammatory and painful diseases of rheumatic, nonrheumatic
and antiarthritic origin. It is recommended to reduce menstrual
pain, dysmenorrhea etc. An annual consumption of diclofenac is
Ca 940 tons globally with a recommended dose of 100 mg/day
[10,11]. The continued intake of diclofenac, at low level, by humans
shows several adverse biochemical effects e.g., cytotoxicity to liver,
kidney and gill cells as well the renal lesions even at a concentration
of 1.0 pg/L [12-15]. It may also influence the biochemical functions
of fish which leads to tissue damage [16].

Therefore, there is greater attention of effective and efficient
remediation of aquatic environment contaminated with
micro-pollutants. The low solubility, high log K,, values, low
dipole moments and negative charges makes high rejection values
for diclofenac in the nano-filtration unit [17]. The unit operations
associated with ozonation [18], adsorption on activated carbon
[19,20] and membrane filtration as nano-filtration and reverse
osmosis [21,22] are some of possible ways as employed in the
removal of several pharmaceuticals (>99%). The degradation of
diclofenac from aqueous solutions as a combination of membrane
TiO,/UV-A catalysis-ultrafiltration with photolysis could allow an
effective and efficient diclofenac degradation [23]. The oxygen
and free radical promoters are investigated in the photolysis
(UV-254) of diclofenac [24]. Chlorine dioxide (ClO;) is employed
in degradation of diclofenac under the simulated water disinfec-
tion condition. Results reveal that rapid and significant degrada-
tion of diclofenac occurs during initial few minutes but much
longer time is needed for its complete mineralization [25].
Similarly, photocatalytic ozonation (O3/UVA/TiO;) is assessed in
the degradation of diclofenac and shows that a complete elimina-
tion of diclofenac is achieved within 6 min and from 60% to 75% of
TOC is removed within 60 min of operation [26]. An advanced oxi-
dation/reduction process is conducted using a pulse radiolysis hav-
ing 8 MeV accelerator which produces 2 ns electron pulse causes a
production of high concentration of radicals i.e.,, 1 mM per pulse.
The kinetics, degradation pathways along with the toxicity is
obtained for diclofenac with this study [27]. The presence of differ-
ent forms of nitrogen is studied in the photo degradation of diclofe-
nac under the simulated sunlight. Results show that the
degradation of diclofenac proceeds with pseudo-first order rate
kinetics [28]. In vivo and in vitro studies conducted on the
white-rot fungus Trametes versicolor pellets show almost a com-
plete oxidative removal of diclofenac is obtained within short per-
iod of time [29].

On the other hand, tetracycline is having a 4-ring system. It con-
tains multiple ionisable functional groups. TC possesses three pK,
values due to the tricarbonylamide, phenolic diketone and
dimethylamino groups, respectively. Literature reveals that various
methods were demonstrated in the degradation of tetracycline
from aqueous solutions. A boron doped diamond electrode was
used in a complete degradation of TC using electrochemical reactor
operated at constant current density of 300 A/m? [30]. Similarly,
Electrochemical Oxidation (EO) and Electro-Fenton (EF) processes
were assessed in the oxidation of TC. It was reported that the EO
process contained with carbon-felt cathode was relatively more
efficient than the stainless steel cathode. Further, almost a total
mineralization (TOC removal up to 98%) of 100 mg/L of TC was
obtained with 6 h operation using either EO and/or EF treatment
using a BDD anode [31]. A photo-electro-Fenton process was pro-
posed using a fabricated Fe;04-graphite cathode and a high degra-
dation of TC was achieved and interestingly the electrode could be
reused with a similar efficiency [32]. Fe(Ill) via complexation with
the TCs promotes the degradation of several TCs even in absence of
light sources [33]. Similarly, the combined application of
nano-TiO, and corona discharge plasma was utilized in the cat-
alytic degradation of TC (50 mg/L) from aqueous solutions and
the TC removal was achieved to 85.1% using the input discharge
power of 36.0 W [34]. The nano-TiO,(P25) was introduced in the
photocatalytic reactor for the oxidation of TC and one of the end
products NH; was detected [35]. Photooxidation of TC was
enhanced in presence of H,0,. Moreover, the presence of dissolved
organic matter greatly enhanced the degradation of TC possibly
due to the formation of radical species ‘OH which acted as strong
photosensitizer [36]. The visible light driven photocatalysts viz.,
Ag-decorated K,Ta,0¢ nanocomposite, Nig_x)CuFe,04 or Sr-
Bi,O5; were assessed in the photocatalytic degradation of TC from
aqueous solutions and found to be efficient in the treatment pro-
cess [2,37,38]. Although, the use of nano-TiO, in the photocatalytic
degradation of several micro-pollutants is found to be efficient
however; separation of catalyst from the bulk phase or repeated
use of catalyst restricts its wider implication in the wastewater
treatment plants.

Therefore, the present investigation deals to immobilize the
Nanopillars-TiO, onto a borosilicate glass substrate using the tem-
plate sol-gel synthetic process. Further, the materials were utilized
in the photocatalytic degradation of micro-pollutants viz., diclofe-
nac sodium and tetracycline hydrochloride from aqueous
solutions.

2. Materials and methods
2.1. Chemical and materials

Titanium (IV) isopropoxide, poly(ethylene glycol), diclofenac
sodium salt and tetracycline hydrochloride were procured from
the Sigma Aldrich. Co., USA. Acetylacetone (assay > 99%), ethanol
anhydrous, hydrochloric acid, sodium hydroxide, zinc chloride,
cupric sulfate pentahydrate, cadmium nitrate tetrahydrate,
ethylenediaminetetraacetic acid, sodium nitrate, sodium nitrite,
oxalic acid, glacial acetic acid, HPLC water, sodium azide, sodium
bicarbonate, 2-propanol and acetonitrile (HPLC grade) were
obtained from the Merck India Ltd., India. Sodium chloride and gly-
cine were procured from the Himedia, India Ltd., India. Purified
water (18.2 MQ - cm at 25 °C) was obtained from the Millipore
Water Purification system (Model: Elix 3) and used for entire solu-
tion preparations and other analytical studies.

A pH-meter having glass and calomel electrode assembly
(Thermo Scientific, Sn B43460) was used for pH measurements.
UV-Vis spectrophotometer (Thermo Electron Corporation,
England; Model: Thermo Spectronic UV1) was employed to study
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the degradation kinetics of organic compounds as measuring the
change in concentration at a fixed wavelength (276 nm for DFS
and 360 nm for tetracycline). Calibration line for these pollutants
i.e., TC and DFS was obtained using their standard solutions having
the concentrations of 0.1, 1.0, 5.0, 10.0 and 15.0 mg/L. Reasonably a
good linearity was obtained between the pollutant concentration
and absorbance as R?=0.999. The TOC Analyzer (Shimadzu,
Japan; Model : TOC-VCPH/CPN) was fully employed to obtain the
total organic carbon content data to study the degradation of
organic compounds present in water. Similarly, the HPLC
Instrument (Model: Waters 515 HPLC pump, Detector: Waters
2489 UV/Visible Detector, Column: Symmetry® C18 5 um
(4.6 x 250 mm column)) was employed for the quantitative deter-
mination of diclofenac sodium. The acetonitrile (70%)+ water
(29%) + glacial acetic acid (1%) by v/v were used as mobile phase
and the absorbance intensity was measured at 276 nm. Standard
calibration of DFS by the HPLC measurements were found to be
extremely good since the straight line was having R? values >0.999.

2.2. Methodology

2.2.1. Preparation of titania sol solutions

Two types of Nanopillars-TiO, were prepared using simple sol-
gel process and named as T1 and T2. T1 was prepared dissolving
titanium isopropoxide (TISP) in acetyl-acetone (AcAc) in order to
control the hydrolysis and condensation reactions. Then, ethanol
(EtOH), acetic acid (AcOH) and distilled water (H,0) were added
drop-wise to this solution to start hydrolysis and condensation
reactions. The solution was stirred vigorously for 2 h and was son-
icated for 30 min. The obtained sol was aged for 1 day prior to use
it for thin film preparation or immobilization. The amount of these
chemicals: TISP: AcAc: EtOH: AcOH: H,0 was taken as: 2.8 g: 1.3 g:
18.4 g: 0.58 g: 2.25 g, respectively.

A similar process was used to prepare titania T2 but added with
2 g of poly(ethylene glycol) (PEG) (average molecular weight 8000)
maintaining the previous molar ratios of precursors as constant.

2.2.2. Preparation of Nanopillars-TiO thin films

Two very cleaned and dried borosilicate circular glass disks
(2.3 cm diameter and 0.5 mm thickness) were dipped into trans-
parent orange color T1 and T2 sol solutions, separately and were
kept in it (in vertical position) for 1 h. It was removed slowly and
placed it in air at room temperature for 12 h. Thin film of TiO,
was formed onto the substrate surfaces and it was then dried first
at 100 °C for 1 h and subsequently was annealed at 500 °C for 3 h in
an electric furnace (Nabertherm; Model No. LT/15/12/P330,
Germany). The dipping process was repeated three times for both
solutions in order to obtain homogeneous thin films onto the sub-
strate surface. The Nanopillars-TiO, thin films were obtained, S1
(TiO, film without PEG) and S2 (TiO, film with PEG), which were
kept in a closed and dry container under dark condition for further
use.

2.2.3. Characterization of thin films

Surface morphology of S1 and S2 samples was obtained using
SEM (Scanning Electron Microscope) machine (Model FE-SEM
SU-70, Hitachi, Japan). X-ray diffraction (XRD) data was collected
by the X-ray diffraction machine (i.e., PANalytical, Netherland;
Model X'Pert PRO MPD). The diffraction data was recorded at a
scan rate of 0.034 of 20 illumination and at an applied voltage of
45 kV with a measured current 35 mA. The Cu K, radiation was
employed having a wavelength of 1.5418 A. The elemental compo-
sition of thin films along with borosilicate glass substrate was
obtained employing the X-ray Fluorescence (XRF) spectrometer
(Model: ZSX 100e, Rigaku, Japan). AFM measurements were carried
out in a non-contact mode, using the XE-100 apparatus from Park

Systems (2011) having sharp tips (>8 nm tip radius; PPP-NCHR
type from Nanosensors™). The topographical 3D AFM images were
taken over the area of 10 x 10 um?. XPS (X-ray Photoelectron
Spectroscopy) analysis was conducted using a Theta probe
AR-XPS system (Thermo Fisher Scientific East Grinstead, UK), using
an AlK, monochromatic radiation (hv = 1486.6 eV) at a power of
150 W with a spot size of 400 um. The aliphatic C peak at
284.6 eV was used as a binding energy reference. FT-IR (Bruker,
Tensor 27, USA by KBR disk method) was used to collect the IR data
for these thin films. Moreover, the BET specific area was obtained
using Protech Korea BET surface area Analyzer (Model ASAP 2020).

2.2.4. pHpzc measurements

The pHpzc (point of zero charge) of the two powder samples P1
and P2 was determined using the pH drift method reported previ-
ously [39].

2.2.5. Photo-catalytic degradation experiment

Photo-catalytic degradation of diclofenac sodium (DFS) or tetra-
cycline (TC) was carried out under the batch reactor experimenta-
tion. The reactor was composed with a black box (dimension:
60 x 45 x 45 cm). A 150 mL borosilicate glass beaker containing
50.0 mL of pollutant solution having the known concentration of
DFS/or TC was taken and thin film (S1) or (S2) (2.3 cm diameter
and 0.5 mm thickness) was placed horizontally at the bottom
and center of the reactor. An UV-C lamp, maximum wavelength
(2)=253.7nm (Model: Phillips TUV 11W, 4 P.SE; Poland), was
placed at the top of the reactor at 10 cm above the solution. The
UV-radiation enters the TiO, photocatalyst through the pollutant
solution, causing the photocatalytic oxidation process. The reaction
temperature was maintained at 25+ 1 °C using a self-assembled
water-bath. Air was bubbled to the reactor solution using aquar-
ium air pump. The samples were taken from the reactor at certain
time intervals and the pollutant concentration was analyzed with a
UV-Vis spectrophotometer or otherwise the final pollutant con-
centration after 2 h irradiation was determined employing HPLC
(for DFS). Initially, blank experiments were performed under UV
irradiation without TiO, photocatalyst for comparison. Moreover,
parallel experiments were performed in dark using the S1 or S2
disks dipped in the pollutant solutions i.e., DFS or TC (1.0 mg/L)
for 2 h and then the solutions were subjected for the HPLC or
UV-Vis measurements. No significant change in pollutant concen-
tration was obtained.

Stock solutions of DFS (20.0 mg/L) or TC (50.0 mg/L) was pre-
pared in purified water. The solution was sonicated for 10 min to
increase the solubility of these pollutants in water. Further, the
required experimental concentration was obtained by the succes-
sive dilution of stock solutions. The pH of these solutions was
maintained with dropwise addition of conc. HCI/NaOH solutions.
The concentration dependence data was obtained varying the
DFS or TC concentrations respectively from 1.0 to 5.0 mg/L and
1.0 to 20.0 mg/L. The percent efficiency of degradation of DFS or
TC was calculated using Eq. (1):

G

Percent Remowval = -G

¢ X100 (1)

where C; and Cyare the concentrations of DFS/or TC before and after
the photocatalytic treatment.

3. Results and discussion
3.1. Characterization of thin films

XRD results were obtained for the S1 and S2 samples and
returned in Fig. 1S or elsewhere [40]. The samples S1 and S2
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showed characteristics peaks at the 20 values of 25.39, 37.84,
48.14, 53.44 and 54.59 which is well matched with the anatase
phase of TiO,. No characteristic peak of rutile phase was observed.
It was mentioned that among the crystalline phases of TiO,, ana-
tase is most active photocatalyst [41].

The average particle size (D) of the TiO, was calculated using
the Debye-Scherrer equation (2):

D— 0.89-4 2)

B-cos 0

where / is the incident wavelength of the X-rays, B and 0 are the full
width at half maxima and semi-angle of diffraction corresponding
to the most intensive diffraction peak, respectively. The size of par-
ticles are calculated for S1 and S2 catalysts and found to be 25.4 and
21.9 nm, respectively. This further indicates that the S1 and S2 com-
prised with Nanosized, possibly the Nanopillars TiO,, which evenly
distributed on to the substrate surface.

FT-IR results for S1 and S2 are presented graphically in Fig. 2S or
elsewhere [40]. Both the IR spectra obtained for the S1 or S2 are
almost identical in nature; showing sharp band at around
3437 cm™! assigned to the O—H stretching vibration of Ti—OH
[42]. The bending vibration of O—H mode is obtained at the
wavenumber of around 1638 cm~'. The bands at the region of
470 and 422 cm™! are assigned to bending vibrations of Ti—O
and Ti—O—Ti of the titanium dioxide framework [43] or perhaps
the stretching mode of Ti—O bond which is enveloped with the
bonds of Ti—O—Ti [44]. While narrow bands at 2922 and
2862 cm™! are attributed to the organic residues present with
the TiO, template preparation [45].

Similarly, the SEM images of S1 and S2 were included in Fig. 3S
also presented elsewhere [40]. The image of S1 catalyst shows that
Nanosized pillars of TiO, are aggregated onto the substrate surface.
Average size of these pillars are found to be less than 15 nm. These
pillars are very evenly distributed and forming a thin film onto the
substrate surface. On the other hand, the PEG template TiO, film is
more disordered possesses with several cracks which are clearly
visible onto the surface. The particles of TiO, are also, at places,
aggregated. Moreover, the BET pore size analysis shows that the
pore size of these two catalysts is in the order of 4-8 nm and the
Scherrer diameter indicates that the particle diameter is in the
order of 21-29 nm. Therefore, it is assumed that a regular network
is obtained onto the substrate surface and, possibly, the titania is
forming a Nanopillars onto the substrate with a maximum size of
~30 nm.

The 3D AFM images of S1 and S2 samples are shown in Fig. 1.
The figure indicates that S1 is composed with homogeneous distri-
bution of nano-TiO, pillars on the substrate surface indicating that
the films are optically smooth. However, a non-uniform distribu-
tion of particles was observed with catalyst S2. Further, the aver-
age height of the pillars was found to be 180 and 40 nm
respectively for the S1 and S2 samples. These results are in good
agreement with the above SEM observation. Moreover, the average
roughness (Ra) and root mean square roughness (Rq) parameters
were calculated and found to be 3.523, 14.06 nm and 2.708,
4.668 nm, respectively for S1 and S2 samples.

The XRF analytical data was obtained for the S1 and S2
photo-catalysts along with the blank borosilicate glass and pre-
sented elsewhere [40]. The results show that the S1 and S2 samples
are possessed with 2.65 and 4.29 weight percentage of Ti. This
clearly indicates that Ti is significantly immobilized onto the sub-
strate surface. Further, the percent of Ti is increased significantly
with the S2 sample suggesting that the filler media PEG greatly
supported the network formation and propagation.

The XPS spectra of S1 and S2 is obtained and presented graph-
ically in Fig. 4S and also reported elsewhere [40]. Figure reveals
that the thin films are predominantly composed with Ti and O

elements as analyzed onto the surface region. Characteristic bind-
ing energy peaks of Ti (2p) and O (1s) are occurred with these two
catalysts Fig. 4S (inset). The peaks at 458.5 and 464.5 eV corre-
sponds to the splitting electrons of Ti** (2p3/2) and Ti** (2p1/2), con-
firms the titanium is present in its fully oxidized state i.e., Ti** [46].
The binding energies of O (1s) (529.7 and 529.8 eV) are assigned to
the surface-adsorbed oxygen, such as 05~ or O~ from the defect
oxide or hydroxyl-like group [47]. This further indicates the tita-
nium is present with its particulate form and, possibly, forming
Nanopillars onto the borosilicate glass surface.

The BET specific surface area of S1 and S2 catalyst are found to
be 5.217 and 1.420 m?/g, respectively [40]. Similarly, the pore size
was found to be 7.77 and 4.16 nm for the samples S1 and S2,
respectively. It is observed that although the specific surface area
of the catalyst is decreased with the thin films in presence of
PEG however, the meso-pore size is decreased significantly. This
enhances the possibility of the pollutants to trap within the pores
and show a better catalytic activity. The PEG enables to provide a
good filler media which subsequently provides a regular titanium
network formation and propagation revealing much lower pore
size of the catalyst as obtained for S2 catalyst.

3.2. Photocatalytic degradation of micro-pollutants

3.2.1. Effect of pH in the degradation of DFS and TC

The effect of pH is an important parameter in the degrada-
tion/oxidation of pollutants since it deals the mechanism involved
on the surface of photocatalyst. The catalytic action is greatly influ-
enced with the sorption of pollutants on to a catalyst surface and
sorption is highly dependent to the solution pH. The catalyst sur-
face charge, the size of the catalyst aggregates as well the positions
of conductance and valence bands are influenced with pH [48].
Therefore, a pH dependence degradation of DFS and TC is con-
ducted varying the pH from pH 4.0 to 10.0. The percent degrada-
tion of micro-pollutant is calculated and results are presented
graphically in Fig. 2a and b respectively for the diclofenac sodium
and tetracycline hydrochloride. Results are obtained at the comple-
tion of 2 h of irradiation. It is obvious that the presence of thin film
(S1 and S2) samples greatly enhance the degradation of DFS and TC
comparing to UV only irradiation. Quantitatively, a very high per-
cent degradation of DFS was obtained at pH 6.0 and this was
7.75%, 52.03% and 63.10% for the UV only, S1 and S2 samples,
respectively. However, increasing further the pH even up to 10,
the degradation of DFS was decreased to its percent removal values
of 6.90%, 31.03% and 41.38%, respectively for UV, S1 and S2 sam-
ples. It was further, noted that very low percent oxidation of DFS
was not affected significantly with change in solution pH with
the UV only treatment. The surface properties of S1 and S2 greatly
influence the percent degradation of DFS. The pHpzc of the powders
T1 and T2 (obtained by the sols S1 and S2 solutions) is found to be
6.9 [40]. It is assumed that the TiO, surface remains positively
charged in acidic media (pH < 6.9) and negatively charged in alka-
line solutions (pH > 6.9) (cf Eq. (3)).

=SOH; — = SOH’ —=S0" 3)
PHpzc

On the other hand, diclofenac is having low dipole moment and
acid dissociation constant value pK,: 4.21 [49]. This implies that
diclofenac carries negative charge beyond pH 4.2. Therefore,
beyond pH 4.2 a sharp increase in the degradation of DFS is
encountered due to strong electrostatic attraction of DFS by the
surface since the catalyst surface carries net positive charge.
However, further increase in pH i.e., beyond pH 6.0 i.e., up to pH
10.0, the surface of TiO, also carries a negative charge therefore;
because of electrostatic repulsion the DFS molecule could not
approach to the catalyst surface effectively which render in sharp
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(a)

(b)

Fig. 1. 3D AFM images of S1 and S2 samples at the scale of 10 x 10 um?.
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Fig. 2. Effect of pH in the photocatalytic degradation of (a) diclofenac sodium; and (b) tetracycline.

decrease in percent degradation of DFS. It is assumed that the
diclofenac molecule easily enters within the interspace of cavities
and reacts with hydroxyl radicals generated by the UV radiations
at an increased rate. However, at higher pH conditions the DFS
molecules predominantly lies in the bulk solution where the con-
centration of hydroxyl radicals is insignificant hence; decreases
the percent removal of DFS [50]. Similar findings were reported
for the degradation of DFS in the continuous photocatalytic mem-
brane reactor employing UV-C radiations [23]. In contrast, previ-
ously it was found that diclofenac was mineralized with higher
rate at pH 4.0 comparing to pH ~7.0 using photocatalytic process
[51].

Similarly, the oxidative percent removal of TC is relatively low
at pH 4.0 however, it is increased significantly at higher pH values
i.e., pH 6.0 and reached to a maximum percent removal at pH 10.0
as 43.37%, 61.06%, 68.14% efficiency is achieved by the UV, S1 and
S2 samples, respectively (cf Fig. 2b). TC is having different func-
tional groups with the pK,;, pK;; and pK,3 values of 3.3, 7.7 and
9.7, respectively [52]. Between pH 3.3 and 7.7, TC exists as a zwit-
terion (TCHY or TCHS * ~), due to loss of a proton from phenolic
diketone moiety. At solution pH greater than 7.7, TC exists as anion
(TCH™ or TCH* ~ 7). Further, at pH 9.7 it exists as di-anionic form
(TC> or TC°~ ) by the loss of another proton from the
tri-carbonyl system and phenolic diketone moiety [52]. Since both
species TCHS and TCH™ of tetracycline contains with positively
charged group in their structure and it is likely that these mole-
cules are arranged at the surface so that the positively charged
group is located very close to the surface, leading the negatively
charged one(s) as far as possible from the surface, which reveals
that electrostatic attraction may play an important role in the

sorption of TCHY and TCH™ species dominantly within the pH
region 6.0 to 10.0 [53]. Consequently, this causes to enhance the
degradation of TC using the photocatalyst. Previously, it was found
that the photo-electro-Fenton process was found to be effective
within the pH range ~3.0-7.0 comparing to the Electro-Fenton at
low pH values [32]. However, the present study is useful in the
treatment of TC at a wide range of pH from moderate to high pH
region ~6.0-10.

3.2.2. Effect of micro-pollutant concentration

Further, the effect of micro-pollutant concentration is studied at
a wide range of pollutant concentrations i.e., 1.0-5.0 mg/L for DFS
and 1.0-20.0 mg/L for TC at pH 6.0. The results are presented as
percent removal of micro-pollutants as a function of initial concen-
trations and returned in Fig. 3a and b respectively for DFS and TC.
In general it is observed that increasing the micro-pollutant con-
centration the percent degradation is decreased. More quantita-
tively, increasing the DFS concentration from 1.0 to 5.0 mg/L the
percent DFS removal is decreased from 63.10% to 40.14% using
S2 samples. Similarly, TC is decreased from 79.17% to 33.41% for
the increase in TC concentration from 1.0 to 20.0 mg/L using S2
catalyst. The increase in concentration greatly suppresses the per-
cent removal of micro-pollutants. This is due to the fact that effec-
tive contact possibilities with the MPs molecules is increased
significantly at lower concentrations of MPs, however, the percent
supply of active species are decreased at higher pollutant concen-
trations. It further indicates that the thin films S1 and S2 show sig-
nificantly higher photocatalytic activity in the efficient degradation
of DFS or TC from aqueous solutions comparing to the UV only irra-
diated samples. Further, S2 sample, which was made by the PEG
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template synthesis, showed an enhanced photocatalytic activity
than the S1 sample. This is due to the fact that S2 sample possessed
with small pores, which effectively traps the micro-pollutants and
the photo induced radicals oxidizes efficiently the micro-pollutant
molecules. The immobilization of nano-TiO, renders an enhanced
applicability since the use of thin films provides additional advan-
tage of easy phase separation. It was reported previously that
increasing the micro-pollutant concentration saturates the TiO,
surface hence reduces the photonic efficiency which causes deacti-
vation of photocatalyst [54]. Similarly, the percent degradation of
TC was greatly decreased on increasing the initial concentration
of TC from 25 to 100 mg/L using the TiO,-plasma reactor [34].

3.2.3. Kinetics of photocatalytic degradation of micro-pollutants

Kinetics of photo-catalytic degradation of DFS and TC is studied.
The C;/Co, values are obtained and presented graphically in
Fig. 4a and b, respectively for the diclofenac sodium and tetracy-
cline (where Cy is initial concentration of micro-pollutant and C;
is the concentration of micro-pollutant at time ‘t’). It is evident
from the figures that a sharp decrease in degradation of MPs is
observed in presence of thin films S1 and S2 whereas the UV irra-
diation showed almost no degradation of diclofenac. However, the
tetracycline is degraded partly since the C;/Cy is having 0.71 at the
completion of 2 h of irradiation by the UV only irradiation. The
C;/Co values were found to be 0.70 and 0.59 (for diclofenac sodium)
and 0.43 and 0.34 (for tetracycline) for the S1 and S2 samples,
respectively. Comparatively, significant lower values of C,/Cy both
for the DFS and TC using S2 samples was obtained comparing to
the S1 samples which again indicated the affinity of these
micro-pollutants toward the thin film surfaces and enhanced pho-
tocatalytic degradation of MPs was occurred at the catalyst surface.
Among these two pollutants studied, photocatalytic degradation of
diclofenac sodium was less than the tetracycline. This is due to rel-
ative affinities of these two micro-pollutants toward the thin films
as well as the stability of organic compounds in aqueous solutions.

The kinetics of degradation is represented using the known
pseudo-first order rate equation (Eq. (4)):

dMP
r=— u = kapp [kphotolysis + kphotocatalysis} [MP ] = kapp [MP ]

dt @)
where [MP] represents the concentration of micro-pollutant and
kqpp is the pseudo-first-order rate constant. This implies that the
kqpp is dependent to the concentration of micro-pollutant.
Integration of Eq. (4)with the extreme conditions i.e., at t = 0 the
[MP] = Cy. Eq. (4) results to Eq. (5):

C
LN(é) = Kepp - (5)
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Straight lines were drawn between the LN (Co/C;) against time
‘t’. Results obtained are presented graphically in Fig. 4a and b
(inset), respectively for the diclofenac sodium and tetracycline
(Initial concentration of DFS or TC: 5.0 mg/L and pH: 6.0). The
pseudo-first-order rate constants are evaluated at different con-
centrations for the UV, S1 and S2 samples and results are returned
in Table 1. Table 1 clearly indicate that increasing the concentra-
tion of micro-pollutant the k., values decreases. Therefore, the
low initial concentration of micro-pollutants is found to be effi-
cient, at least, in the photo-catalytic degradation of DFS or TC using
the thin films. Similar to previous studies, the S2 sample possess
higher removal efficiency comparing to the S1 samples. This again
reaffirms the potential use of template synthesis of thin films using
the PEG as filler media. On the other hand, photolysis only shows
very low values of rate constant for tetracycline whereas since it
shows almost negligible degradation of DFS hence, the rate con-
stant values are not computed. It was reported previously that
the degradation of DFS was decreased significantly with increasing
the initial concentration of DFS and explained with the fact that
there could be a competition for the absorption of limited number
of available photons by the DFS molecules [11]. Once the initial
concentration of DFS was increased, the number of available pho-
tons was not altered therefore, the number of photons available
per molecule of DFS apparently decreased, so the degradation rate
of DFS was decreased.

Photocatalytic oxidation kinetics of micro-pollutants is mod-
eled with the Langmuir-Hinshelwood (L-H) equation. This
includes the adsorption properties of adsorbate species on the pho-
tocatalyst surface. The derived Eq. (7) is used to its linear form:

k.- K- Co

""=17KG ®)

1 1 1 1

o Kk Gk

)

where ‘1/ry’ is the dependent variable, ‘1/Cy’ the independent vari-
able, 1/k; is the linear coefficient and (1/(k, K)) the angular coeffi-
cient of the straight line. From this model, the L-H adsorption
constant and the rate constant are computed plotting 1/ro against
1/Co [55]. The k; (mg/L/min) and K (L/mg) values are found to be
0.014 and 0.508 (R*: 0.532; for S1) and 0.0243 and 0.685 (R%:
0.704; for S2 sample), respectively in the oxidation of diclofenac.
Whereas, for the TC the corresponding values of k; and K are found
to be 0.064 and 6.031 (R?: 0.991; for S1 sample) and 0.101 and
6.748 (R%: 0.998; for S2 samples), respectively. The values obtained
for the DFS is having very low R? values. However, the L-H kinetics
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Fig. 3. Effect of concentration in the photocatalytic degradation of (a) diclofenac sodium; and (b) tetracycline.
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Fig. 4. Photocatalytic degradation of (a) diclofenac sodium; and (b) tetracycline as a function of time.

Table 1
Kinetic data obtained in the photo-catalytic degradation of micro-pollutants using thin films.
Samples Pseudo-first-order rate constant (kqp, x 10~3/min)
Diclofenac sodium Tetracycline
(Initial concentrations) (Initial concentrations)
1.0 2.0 3.0 5.0 1.0 5.0 10.0 15.0 20.0
UV only - - - - 3.5 3.0 1.9 1.5 1.1
(0.991) (0.998) (0.992) (0.983) (0.993)
S1 9.9 4.6 4.0 29 8.9 6.7 3.9 3.0 2.2
(0.984) (0.914) (0.941) (0.930) (0.998) (0.997) (0.999) (0.999) (0.998)
S2 15.1° 7.5 6.7 4.7 12.7 8.8 6.1 4.8 34
(0.997) (0.970) (0.973) (0.961) (0.996) (0.993) (0.999) (0.998) (0.997)

R? values are given in parenthesis.
" Values obtained using initial 40 min of contact.
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is fitted reasonably well to the photocatalytic degradation of
tetracycline.

3.2.4. Mineralization of micro-pollutants

Further, the mineralization of DFS and TC was studied varying
the micro-pollutant concentrations from 1.0 to 5.0 mg/L for DFS
and 1.0 to 10.0 mg/L for TC at constant pH 6.0 employing the UV
only, S1 and S2 photo-catalysts. Results are obtained at the end
of 2 h of photo-irradiation. Percent of TOC removal as a function
of micro-pollutant concentration is presented graphically in
Fig. 5a and b for the diclofenac sodium and tetracycline, respec-
tively. It is evident from the figure that increasing the concentra-
tion of micro-pollutants, a sharp decrease in TOC is observed.
Quantitatively, increasing the concentration of diclofenac sodium
from 1.0 to 5.0 mg/L the percent of TOC is decreased from 23.33%
to 12.23% using the S2 thin film. Whereas increasing the tetracy-
cline concentration from 1.0 to 20.0 mg/L the respective decrease
in percent TOC is obtained from 40.53% to 12.56% using the S2 thin
film. It is to be noted that a partial mineralization of these pollu-
tants is achieved using the photo catalytic degradation employing
S1 and S2 thin films. However, it is seen that the multiple use of
thin films is quite possible hence; a repeated application could
achieve a complete mineralization of diclofenac or tetracycline
from aqueous solutions.

Similar to the concentration dependence study, the S1 thin film
showed significantly lower efficiency in terms of percent TOC
removal. The UV only experiments showed almost negligible TOC
removal of diclofenac sodium however; a partial but low removal
of tetracycline was obtained using the UV only treatment as com-
pared to the S1 and S2 photo-catalysts.

3.2.5. Effect of scavengers

In order to pinpoint the photocatalytic action of employed cat-
alyst the effect of scavengers in the degradation of DFS and TC was
studied using variety of scavengers as to scavenge the radical spe-
cies viz., 'OH or O3 . It was reported that 2-propanol and HCO3 are
good scavengers of the "OHp (‘OH in aqueous medium) or surface
‘OH radicals [55-57]. Whereas the sodium azide (NaN3) is known
to scavenge the singlet oxygen produced readily by the interaction
of superoxide radical and photogenerated holes (Eq. (8)):

0y +h* —10, (8)

The singlet oxygen is also a highly reactive species and causes to
degrade the pollutants in aqueous solutions [58]. Therefore, the
study is extended in the photo-catalytic degradation of DFS or TC
(5.0mg/L) in presence of 2-propanol, sodium azide and sodium
bicarbonate (1000 mg/L) using the S1 and S2 thin films. The pollu-
tant samples are irradiated for 2 h and then subjected for the
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estimation of pollutant concentration using UV-Vis and HPLC for
tetracycline and DFS, respectively. The percent degradation of
DFS and TC is obtained and presented graphically (cf Fig. 6) with
respect to the presence of these scavengers. Results clearly demon-
strated that the presence of sodium azide could not affect in the
degradation of DFS and TC using the S1 or S2 thin films. This
implies that the degradation of these pollutants is not proceeding
through oxidation by the singlet oxygen species. However, the
other studies, indicated that bisphenol A (BPA) was scavenged sig-
nificantly in presence of NaN3 and suggested that singlet oxygen
degraded the BPA directly [57,59]. On the other hand, the scav-
engers, 2-propanol and bicarbonate significantly suppressed the
catalytic activity of these thin films since a marked decrease in per-
cent removal of DFS and TC was recorded. This implies that the *OH
radicals predominantly attributing the degradation of DFS or TC
from aqueous solutions. Similar, results were shown previously
in the photocatalytic oxidation of TC using TiO, [35,36].

3.2.6. Effect of interfering ions

Similarly, the natural waste water matrix was simulated to
assess the applicability of thin film (S2) in the photocatalytic
degradation of DFS and TC from aqueous solutions. Therefore, the
photocatalytic degradation of DFS or TC using the S2 thin film
was conducted in presence of several interfering ions (5.0 mg/L)
including the cadmium nitrate, copper sulfate, zinc chloride,
sodium chloride, sodium nitrate, sodium nitrite, glycine, oxalic acid
and EDTA. The samples are irradiated for 2 h at pH 6.0 and the ini-
tial concentration of DFS or TC was kept constant to 1.0 mg/L. The
diclofenac sodium was analyzed with the HPLC whereas tetracy-
cline concentration was obtained with the UV-Vis spectropho-
tometer. The percent removal of micro-pollutant is presented as
a function of interfering ions and returned in Fig. 7a and b respec-
tively for the diclofenac sodium and tetracycline. It is observed that
the presence of these ions hamper to some extent the degradation
of DFS or TC but not at greater extent. However, the presence of
nitrate and nitrite as in the form of sodium or even sodium chlo-
ride salts scavenges the photocatalytic degradation of both the pol-
lutants. It was previously reported that the presence of nitrate ions
with water readily produces the ‘OH radicals with the UV irradia-
tion [60]. Therefore, the ‘OH radicals are supposed to enhance the
DFS or TC degradation. However, the contribution rate of
self-sensitization photo-oxidation via ‘OH was reported to be
14.99%. The photo-degradation of DFS was predominantly attribu-
ted to direct photolysis. Hence, the effect via "OH radicals plays an
insignificant role in overall photo-degradation process. Further, in
presence of nitrate ions there could be an enhanced competition
for the UV radiations for limited number of available photons
[28]. Similar to nitrate the nitrite also inhibit the degradation of
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Fig. 5. Percent TOC removal of (a) diclofenac sodium; and (b) tetracycline as a function of micro-pollutant concentration in the photo-catalytic degradation using thin films.
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diclofenac and TC [28]. Previously, it was reported that EDTA is a
good scavenger for h* from the VB and caused a significant
decrease in the degradation of pollutants from aqueous solutions
[61]. However, in this study EDTA is not suppressed significantly
the degradation of either DFS or TC hence, the predominant path-
way of degradation is by the "OH radicals. Moreover, the competi-
tive adsorption of cations or anions towards the surface of
Nanopillars TiO, greatly affects the catalytic action of
photo-catalyst [35].

3.2.7. Reusability test of the thin films

The reusability test for the two thin films S1 and S2 was con-
ducted for their degradation of diclofenac sodium and tetracycline
with a fixed initial concentration (5.0 mg/L) at pH 6.0 for 2 h irra-
diation for five consecutive experimental runs. The rate of degrada-
tion of these pollutants for each repetitive cycle are computed and

presented graphically in Fig. 8a and b respectively for the diclofe-
nac sodium and tetracycline. The results showed a negligible drop
in the rate of degradation of these micro-pollutants within five
experimental runs using S1 sample as: from 0.0029 to
0.0026 mg/L/min and 0.036 to 0.032 mg/L/min for DFS and TC,
respectively. Similarly, with S2 thin films, the rate of degradation
was decreased from 0.0040 to 0.0037 mg/L/min and 0.048 to
0.043 mg/L/min respectively, for DFS and TC. Thus the reduction
in catalytic activity of these thin films was found to be 9.52%,
7.81% (using S1) and 7.02%, 8.0% (using S2) for the degradation of
DFS and TC, respectively at the end of five cycles of photocatalytic
treatment. These results clearly show that the thin film samples S1
and S2 could be reused without much decline in activity which
conveys the cost effective process and makes it useful for practical
implications in the photocatalytic degradation of diclofenac
sodium and tetracycline from aqueous solutions.
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4. Conclusions

The Nanopillars of TiO, are obtained onto borosilicate glass sub-
strates. The sol-gel template synthesis was conducted using PEG as
modifier. The two thin films i.e., S1 and S2 were obtained with and
without PEG. XRD data revealed that anatase phase of Nanopillar
TiO,. The IR analysis indicated the presence of -OH group with
both the catalyst samples. The XRF data enabled the presence of
titanium element in the S1 and S2 samples. Moreover, the XPS
analysis indicated the presence of Ti and O elements. Similarly,
BET surface area were found to be 5.217 and 1.420 m?/g, with
the pore size 7.77 and 4.16 nm, respectively for the S1 and S2 thin
films. SEM images showed fine grains of TiO, were very evenly dis-
tributed onto the substrate and forming a thin layer of TiO, parti-
cles for S1 sample. Whereas S2 sample possessed relatively
disordered surface structure indicating the film has several
micro-cracks onto the surface. AFM analytical data showed that
the mean pillar size of TiO, particulate was Ca 180 and 40 nm
respectively for the S1 and S2 samples. Moreover, the average
roughness (Ra) and root mean square roughness (Rq) were found
to be 3.523, 14.06 nm and 2.708, 4.668 nm, respectively for S1
and S2 samples. The photo-catalytic activity of these
photo-catalyst showed relatively high degradation of DFS was
occurred at pH 6.0 whereas the TC was degraded effectively within
the pH region 6.0-10.0. The effect of pollutant concentration study
revealed that decreasing the pollutant concentration favored greatly
the percent removal of DFS and TC. Similarly, the mineralization of
these micro-pollutants was increased with decreasing the pollutant
concentration. The degradation process followed pseudo-first order
rate kinetics and data was applicable with the Langmuir-
Hinshelwood rate kinetics. The L-H kinetics was fitted reasonably
well to the photocatalytic degradation of tetracycline whereas the
DFS showed distorted kinetic results. Further, the presence of several
cations and anions were affected to some extent the degradation
efficiency of DFS or TS by the photo-catalytic degradation using
the S2 catalyst. Moreover, the hydroxyl radical scavengers,
2-propanol and sodium bicarbonate greatly affected the catalytic
activity of these thin films whereas the singlet oxygen scavenger
sodium azide could not affect the catalytic activity of S1 and S2 at
least in the photocatalytic degradation of DFS and TC from aqueous
solutions. Overall the S1 and S2 samples showed very high percent
degradation of DFS and TC comparing to the UV photolysis.
Moreover, the S2 showed relatively enhanced percent removal of
DFS and TC as compared to the S1 thin film. The reusability test
showed only negligible drop in catalytic activity of the thin films
even at the end of five repeated cycles of degradation of DFS and
TC from aqueous solutions inferred the greater applicability of thin
films. The thin films may further enhance the applicability of
photo-catalyst in separation of slurry or to overcome the shadowing
effect often occur with powder samples.
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