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Abstract

Bismuth (Bi) and Nickel (Ni) doped Titanium dioxide (TiO,) nanoparticles were synthesized by sol-gel method and
the prepared nanoparticles were characterized by X-Ray Diffraction, Scanning Electron Microscope, UV-Vis
reflectance spectroscopy and Brunauer—Emmett-Teller (BET) analysis. The concentration of dopant in synthesized
catalysts was varied from 0.25- 1.0 wt%. Maximum BET surface area of 47.8 and 45.7m%g was observed with
0.25wt% Bi-TiO, and 0.5wt % Ni-TiO,, respectively. EDX analysis has established the presence of 0.21% Bi ions
and 0.36% Ni ions in 0.25wt% Bi doped TiO, and 0.5wt% Ni doped TiO,, respectively. Band gap of Bi-TiO,
(0.25wt %) and Ni-TiO, (0.5wt %) was obtained to be 2.99ev, which is found to be minimum among the various
synthesized catalysts. The photocatalytic activity of synthesized catalysts were tested and compared with Degussa
TiO, for degradation of Ibuprofen (IBP) as a model Compound. Bi-TiO, nanoparticles revealed higher
photocatalytic activity when compared to Ni-TiO, or Degussa TiO, under solar irradiation, which may be attributed
to increase in specific surface area, and decrease in the crystallite size. Maximum of 89% degradation was achieved
with 0.25% Bi-TiO, photocatalyst under 6 h of illuminations with a solar light, whereas, 78% degradation has been
achieved under similar experimental condition with Ni doped TiO,. The kinetics of the degradation of IBP has been
explained in terms of the Langmuir-Hinshelwood model and was found to follow first order kinetics with k value of
0.0064 and 0.0046 min™ with Bi and Ni doped TiO,, respectively.
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1. Introduction

The existence of pharmaceuticals compounds and its residues has been reported frequently in literature (Melo et
al. 2009; Halling-Sorensen et al. 1998) thus, receiving increasing attention as an emerging environmental issue.
Numerous pharmaceutical compounds have been noticed in household wastewater, natural water bodies and
groundwater in many countries all over the world. The Presence of pharmaceutical compounds can cause severe
environmental issues due to the chemical toxicity of the lively constituents in the formulations and sometimes, of
their disintegration products. Ibuprofen [IBP] is one of the most commonly consumed medicines worldwide, mainly
due to its use as a pain reliever. Concentration of IBP in the environment has been stated between 10ng/L to
169ug/L (Santos et al. 2007). Sources of these contaminants are primarily the domestic waste water due to excretion
of non-metabolized drugs by animal or human urine and feces. Conventional treatment processes functional at
sewage treatment plants are not efficient in removing such pharmaceutical substances by various physical or
biological treatment steps. Therefore, alternative and effective treatment methods need to be explored for the
degradation of such pharmaceutical compounds.

Several research outcomes have shown favorable results in the exclusion of pharmaceutical pollutants using the
application of Advanced Oxidation Processes (AOPs). The AOPs are oxidative processes that have been shown to
be efficient for the degradation of several organic compounds based on attack by the hydroxyl radicals (+OH),
superoxide radical («O2"), and hydrogen peroxide (H,0,) generated by UV-irritated. (Mendez-Arriagad et al. 2009).
The derivatives after AOPs have been reported to be degraded by biological oxidation (Torres et al. 2003).

Although, TiO, catalysts are capable of degrading a wide range of organic/inorganic pollutants and toxic
materials in all phases such as liquid and gas systems, but the rapid recombination rate of electron-hole pairs
generated by photons reduces the commercialization of this technology. For this reason, recent research laid
prominence on catalyst doping with transition and noble metals (Torres et al. 2003). Achilleos et al. 2010
investigated the degradation of IBP and carbamazepine using Degussa TiO, and it was documented that 60% of
compound was degraded within 120min of irradiation time. The presence of metals as dopant, such as Pt, Pd, Au and
Ag has been reported to boost the photocatalytic activity of catalyst. Various studies have reported that Bismuth

Oxide families such as BiVO,, Bi,Os, and Bismuth-doped TiO, are remarkable visible light lively photocatalysts for



degradation of organic pollutants, hydrogen generation and dye-sensitized solar cell applications (Tang et al. 2004;
Lin et al. 2006; Yu et al. 2008a; Wang et al. 2008; Ji et al. 2009).

The literature studies on the photocatalytic degradation of pharmaceuticals in aqueous streams did not address its
photocatalytic oxidation using doped photocatalyst under solar irradiations. Moreover, the suitable concentration of
dopant in the photocatalyst needs to be explored for the effective degradation of pharmaceutical drug in aqueous
stream. Keeping this in view, the present study focused on the degradation efficiency of IBP using lab synthesized
Bi and Ni ions doped TiO, with different concentrations of dopants under UV/Solar irradiations and the degradation

efficiency was compared with commercially available TiO,.

2. Experimental Section

2.1 Materials

All the chemicals used in this study were of analytical grade and were used as such without further purification.
Titanium dioxide (TiO, (D)) was procured from Degussa Corporation, Germany. lbuprofen (>99% pure) was
obtained from Sigma Aldrich. Bi (NO3)5H,0 and Ni (NO3z)5H,0 were purchased from Loba Chem, India. Titanium
isopropoxide, as source of titanium dioxide, was purchased from Sigma Aldrich. Ethanol, used as solvent, was

procured from Merck. All the solutions were prepared with deionized water. Fig 1 showing structure of Ibuprofen.

2.2 Preparation of Bi-TiO, and Ni-TiO,

Doped TiO, was prepared using solgel method with Titanium isopropoxide (TIP) as precursor. 2.5ml of TIP was
added drop by drop to a solution of 10ml ethanol and 2.5ml acetylacetone at room temperature and stirred for 30
min. Then 2ml distilled water was added to above solution. Calculated amount of Bi (NO3)5H,0 and Ni (NO3)5H,0
were added respectively into prepared solution so as to prepare appropriate concentration of dopant and a stable sol
was finally obtained after stirring for 2h. Afterwards, concentrated solution was placed at 90°C for drying and dried

powder was calcined at 400°C for 2h.



2.3 Characterization of Synthesized catalyst

The powder X-ray diffraction (XRD) was done at room temperature using X-Ray diffractometer (Cukal =
0.154nm) to study the crystal phase of the products. X-ray diffraction (XRD) patterns were collected using a Philips
X-ray diffractometer with monochromatic high-intensity in a 26 range of 20—70°. The crystallite size of the particles
was calculated using Scherrer’s equation (Eq 1).

D=K\/BCosb (1)

Scanning electron microscope (SEM) images were obtained with Philips SEM Analyzer. The Brunauer—Emmett—
Teller surface area was measured using N2 adsorption/desorption (NOVA2000e) USA at liquid-
nitrogen temperature (77 K). Band gap has been evaluated using UV-Vis Diffuse reflectance

spectrophotophotometer of Hitachi U3900H at wavelength range of 190-800nm.

2.4 Photocatalytic Reactor and Degradation Methodology

Ibuprofen (IBP) was subjected to photocatalytic treatment in the presence of synthesized photo catalysts and TiO,
(D). Photocatalytic activity was assessed in a batch glass reactor under slurry mode. Irradiation was provided by
seven UV tubes of 36W (Philips) emitting radiation at around 254nm placed at top of the reactor. Initially
photodegradation of IBP (25ppm) was assessed using TiO, by varying the catalyst dose from 0.5-2.5g/L and pH
from 3-10 under UV/solar irradiations. Afterwards IBP was subjected to photodegradation using various lab
synthesized catalyst with varying dopant concentration (0.25wt%- 1.0wt %) at 2g/L of catalyst dose at pH 6.0 under
UV/solar irradiations. Aliquots of the mixture were taken at different time intervals during the reaction and then
analyzed for their absorbance in UV-Vis spectrophotometer at 260 nm. Finally kinetics of the IBP degradation was
also studied so as to evaluate rate constant using different photocatalysts. For the solar induced photocatalytic
reactions, experiments were carried out in the same reactor placed at terrace in the presence of solar irradiations
from 10.00 AM to 4.00 PM in the month of May-June. At regular intervals of 1h, samples were injected out and
were analyzed using spectrophotometer. The average intensity of sunlight was found to be in the range of 30-35

W/m?during the study period.
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The surface adsorption of Ibuprofen on catalyst surface was carried out by dispersing the nanoparticles in solution of
model compound with both catalysts in the dark. At regular intervals of 15 mins, sample was pipetted out from the
broth for centrifugation to separate nanoparticles and subsequently, the drug concentration in the solution was
measured through spectrophotometer analysis. During the adsorption process, turbulence was created in the slurry

with the help of a magnetic stirrer with an objective to enhance the mass transfer.

3. Results and Discussion

3.1 Characterization

3.1.1 XRD - X-ray diffraction (XRD) patterns were collected monochromatic high-intensity in a 26 range of

20-70° as shown in Fig 2. No noteworthy shift in XRD peaks of Bi-TiO, and Ni-TiO, compared with Degussa TiO,
has been observed indicating that Bi** did not move in the lattice to substitute Ti** particles. It may be due to higher
radius of Bi** (1.03A) than that of Ti** (0.68A). The bismuth in the TiO, surface may increase the charge separation.
Similar observation has been reported by (Rengraj et al. 2006; Xu et al. 2002) where doping of TiO, with Bi did not
show any substantial variation in peaks of XRD. The reason for stabilizing Ni doped TiO, at lower levels has been
credited to the almost similar ionic radius of Ni*? (0.72 A) to that of Ti** (0.68 A), which was found to replace some
portion of Ti** ions in TiO, lattice (Braz et al. 2014; Wang et al. 2012; Wang et al. 1999; Chuang et al. 2011; Lopes

et al. 2009).

The morphology of doped photocatalysts was analyzed by SEM. Fig 3 depicted that particles have spherical shape
and agglomeration had taken place. The EDS analysis of doped TiO, showed significant presence of Ni and Bi in
synthesized samples. The analytical results from EDS are in realistic arrangement with 0.25-1.0wt% of Bi** and Ni
ions doped into TiO,. The elemental records of samples for Ti, O and Bi showed homogeneous distribution of
elements and no gathering of Bi ions was detected in the 0.25-1.0wt% range of doped Bi-TiO, and Ni-TiO, From
EDS analysis (Table 1), it has been observed that in 0.25wt% of Bi-TiO, and Ni-TiO,, 0.21 and 0.19% of Bi and Ni

ions were present, respectively. Subsequently variations have been found in 0.25-1.0wt% of Bi-TiO, and Ni-TiO,,
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3.1.2 BET Surface area

The increase in surface area increases the number of active sites, which further promotes the separation efficiency
of the electron—hole pair and subsequently, results in enhanced photocatalytic activity. Upon doping with 0.25wt%
Ni, the crystallite size was observed to be 13.84 nm and the surface area value was 41.71 m%/g as shown in Table 2.
As the dopant concentration was increased to 0.5wt%, the crystallite size value decreased to 10.3 nm and the surface
area value increased to 45.70 m?/g. These results suggest that TiO, doped with Ni (<0.5wt%) dopant concentration
effectively inhibits TiO, grain growth possibly by remaining at boundaries of the grain thereby, increasing the
crystallite size and decreasing the surface area (Lin et al. 2006; Begum et al. 2008; Wang et al. 1999; Lopes et al.
2009). The decrease in growth of grain can also be due to the formation of Ni—O-Ti bonds in the doped powders,
which inhibits the growth of the crystals. However, decrease in the dopant concentration to 0.25wt%, leads to

increase in crystalline size and decrease in surface area of synthesized catalyst.

However In case of Bi-TiO,, it was observed that the surface area and crystal size was found to be as 47.8m?g and
12.4nm, respectively for dopant concentration of 0.25wt%. Further, by increasing the dopant concentration from
0.25wt% to 1.0wt%, the decrease in surface area and increase in crystalline size was observed which may likely

decrease the photocatalytic activity as shown in Table 3.

3.1.3 Band Gap Energy

The UV-vis diffuse reflectance spectrum of all the compositions are shown in Figure 4. It is evident from the
results that the UV-vis diffuse reflectance spectrum of Bi doped TiO, and Ni doped TiO,, gave distinct band gap
absorption edges at 422 nm, 415 nm, 405 nm for doped Bi(0.25wt%), Bi(0.50wt%), Bi(1.0wt%), and 413 nm, 418
nm, 412 nm for doped Ni(0.25wt%), Ni(0.50wt%), Ni(1.0wt%), respectively. The corresponding band gap energies
were found to be 2.99, 3.05 and 3.08eV for 0.25wt%, 0.50wt%, and 1.0wt% Bi- TiO,, respectively and 3.02, 2.99
and 3.03 eV for 0.25wt%, 0.50wt% and 1.0wt% Ni doped TiO,, respectively. At lowest concentration of Bi dopant,
the absorption edge shift is maximum and hence, the corresponding calculated band gap energy is minimum. This

may be attributed to the fact that when the amount of dopants is small, the metals ions are well incorporated into the
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lattice withstanding the evolvement of local strains. On the other hand, when the dopants are in excess, Bi ions
cannot enter the TiO, lattice but cover on the surface of TiO, and leads to the formation of heterogeneity junction.
So, Bi (0.25wt %) photocatalysts has lower band gap energy (2.9 eV) within the temperature range in which the
photocatalytic experiments were carried out when compared to other dopant concentrations. For Ni-TiO, the
minimum band gap energy of 2.9eV was obtained with dopant concentration of 0.5wt%. As the concentration of
dopant is either increased or decreased from 0.5wt%, increase in the value of band gap energy was noticed, which

may be due to formation of layer of dopant over TiO,, hence, ions might not get inserted into lattice of TiO.,.

3.2 TiO, mediated Photocatalytic degradation

In order to obtain baseline data with standard TiO, (Degussa), photocatalytic degradation of IBP was carried out
in slurry mode under UV irradiation. pH of the initial IBP aqueous solution (25 ppm) was varied from 3-10 and TiO,
(Degussa) was used as photocatalyst. It was observed (Fig.5 (a)) that the degradation efficiency increased with
increase in value of pH up to 6.0 and thereafter, decrease in the degradation was observed. The maximum
degradation of IBP was found to be 76% using 2g/L TiO, (D) at pH 6.0. This behaviour is attributed to the fact that
the pKa value of IBP is 4.4 and it is reported as weak acid. The point of zero charge (pzc) of the TiO, (Degussa P25)
is at pH 6.8 and TiO, surface is positively charged in acidic media (pH < 6.8), whereas it is negatively charged
under alkaline conditions (pH > 6.8). Therefore, at acidic pH range, the surface of TiO, will be positively charged as
well as the carboxyl group of IBP, hence, charge repulsion exists. Moreover, at acidic pH, the higher *OH radicals
generated are considered to be in equilibrium with the holes trapped at the TiO, surface. At alkaline pH range, IBP
and TiO, both are negatively charged. Moreover, hydroxyl radicals are rapidly scavenged and they do not have the
opportunity to react with model compound so enhanced activity is expected at pH 6-7 (Choina et al. 2013; Zhang et
al. 2013).

Catalyst dose of TiO, was varied from 0.5-2.5g/L as shown in Fig 5(b). It was observed that increasing the
concentration of catalyst from 0.5g/L to 2.5g/L, the degradation efficiency kept on increasing upto 2 g/L indicating
the significance of available catalyst surface for degradation on its surface under UV illumination and maximum
degradation of 76% was achieved with 2g/L of TiO, (D) catalyst. Further, increasing the catalyst concentration

beyond 2g/L, the photocatalytic efficiency decreased directing that the optimal photons have been adsorbed. The



amount of catalyst more than the certain limit may not be useful because of chances of aggregation, as well as
reduction in irradiation field onto the surface due to increase in the turbidity of the solution. Moreover, at high
concentration, there is a decrease in surface area availability for light-harvesting for the generation of h+ /e— pairs,

induced by accumulation as also explained in previous findings (Neppolian et al. 2002; Martinez et al. 2011).

3.3 Variation in dopant concentration

Insertion of transition metal can serve as electron/hole separator and can eradicate the hasty recombination of
excited e/hole pair all through photoreaction, resulting in enhancing the efficiency of the TiO, photocatalyst. But,
this effect is subtle to dopant concentration also. The photocatalytic degradation of IBP (25ppm) was assessed using
lab synthesized Bi and Ni doped TiO, (2g/L) at pH 6.0 under solar irradiations with varying concentrations of

dopant. Dopant concentration was varied from 0.25 to 1.0wt% for both Bi-TiO, and Ni-TiO, With (0.25wt %) Bi-

TiO, concentration, 89% of IBP degradation was observed in 6 h of solar irradiation as shown in Fig 6(a) and as
concentration of dopant was raised from 0.25 to 1.0wt%, there was decrease in the degradation efficiency. The
deferral effect of increase in Bi content on degradation rate may be credited to destruction of hydroxyl radicals due
to entrapment of conduction band e by the adsorbed metal ions. However, with Ni- TiO, the maximum degradation
of 78% was observed with 0.50wt% dopant concentration and it was observed that on either increasing or decreasing
the concentration of dopant from 0.50wt%, there was decrease in degradation efficiency of IBP, which may be
because of the increased impact of ions with increased dopant concentration up to certain limit (up to 0.50wt%) and

thereafter, the photocatalytic activity reduced due to surface charge separation.

3.4 Variation of type of catalyst

The effect of dopants might not be similar on trapping e/holes on the surface or during interface charge transfer
because of the different locations of the dopant in the lattice. So, the photocatalytic competence would be different
for various types of dopants (Barakat et al. 2004; Pouretedal et al. 2009). In order to compare the efficiency of TiO,
(D) with lab synthesized Bi and Ni doped TiO,, IBP was subjected to photocatalytic degradation at pH 6 with
photocatalyst dose of 2g/L under solar irradiations. Degradation of 89% was achieved with Bi-TiO, whereas only

50 and 74% degradation was achieved with Ni-TiO, and TiO, (D), respectively, under similar experimental
9



conditions as shown in Fig 7. The Bismuth in the TiO, surface may enhance the charge separation and improves its
photocatalytic activity. In order to adjudge the extent of adsorption, experiments were conducted in the dark with Bi
and Ni doped catalyst which showed negligible degradation efficiency (< 5%). Thus, the orders of photocatalytic
degradation of IBP followed by different catalyst has been observed as Bi-TiO,>TiO,>Ni-TiO, The cause for this
enhancement has been timidly credited to the overpowering of recombination of electron-hole pairs on the surface of
the TiO, catalyst by low valence Bi ions. Literature also revealed that among numerous transition metal ion dopants,
Bi appears to be efficient dopant as the radius of Bi ions is almost similar to that of Titanium ions, so this metal ion
gets fused into Titanium crystal lattice structure, which helps to shift absorbance in visible spectra, and hence,
results in increasing the photocatalytic activity (Begum et al. 2008; Sreethawong et al. 2005).

Kinetic studies of degradation of IBP (25ppm) with catalyst dose of 2 g/L at pH 6 were carried out to find the
reaction rate constant and order of reaction with Bi-TiO,, Ni-TiO, and TiO, (D) as photocatalyst under solar
irradiations. The rates constant were found to be 0.0064, 0.0046 and 0.0043min™ for Bi-TiO,, Ni-TiO, and TiO,

(D), respectively with first order kinetics.

3.5 Comparison of Solar/UV as Light source

Fig 8 shows the comparison of degradation studies of IBP in aqueous solution under two different types of
irradiation viz UV/Solar irradiations. It was observed that under UV light the degradation was found to be 76%
using TiO; (D) (2g/L) at pH 6 after 6 h of luminescence. The maximum degradation of 89% was achieved with Bi-
TiO, as photocatalyst in 6h with dose of 2g/L at pH 6. With the same catalyst under UV light, only 48% degradation
was observed. Therefore, the photogenerated electrons in the excited IBP molecules have sufficient energy to
produce the superoxide ion and hydroxyl radicals under solar irradiation. Hence it can be said that doping of catalyst
with metal ions can reduce the power consumption as the absorbance spectra get shifted in visible region, therefore

sunlight can be used as a cost effective source of irradiation.
4. Conclusion

The photocatalytic degradation of IBP has been studied in presence of doped catalyst under solar irradiations. Bi-

TiO, nanoparticles exhibited higher photocatalytic activity when compared to Ni-TiO, and Degussa TiO, during the
10



degradation of IBP. The highest BET surface area of Bi-TiO, (0.25wt %) was found to be 47.8 m?/g with crystalline
size of 12.4 nm. A maximum of 89% IBP degradation was achieved with 0.25 wt% Bi-TiO, photocatalyst under 6 h
illuminations with a solar light when compared to Ni-TiO, wherein, only 78% degradation was achieved under same
experimental condition. Among various Ni-doped TiO, materials, the one doped with 0.5wt% Ni showed the highest
photocatalytic activity for Ibuprofen (IBP) degradation under solar light. The orders of photocatalytic degradation of
IBP with different catalyst was observed to be in the order as Bi-TiO,>TiO,>Ni-TiO, with rate constants as 0.0064

min, 0.0046 min™, 0.0043min™, respectively.
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Fig. 1: Structure of Ibuprofen
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Fig. 2: XRD Pattern of synthesized (1a) 0.25wt% Ni-TiO; (1b) 0.5wt% Ni-TiO; (1c)

1.0wt% Ni-TiO,, (2a) 0.25wt% Bi-TiO, (2b) 0.5Wt% Bi-TiO, (2¢) 1.0wt% Bi-TiO,
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Fig. 3: SEM images of synthesized (1a) 0.25wt% Ni-TiO; (1b) 0.5wt% Ni-TiO, (1c) 1.0wt%

Ni-TiO;, (2a) 0.25wt% Bi-TiO, (2b) 0.5Wt% Bi-TiO, (2¢) 1.0Wt% Bi-TiO,
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Tables

Table 1. EDS of various dopant concentration

Bi-TiO, Elements Ni-TiO; Elements

Dopant Concentration | Bi O Ti Dopant Concentration | Ni | O Ti
0.25Wt% 021 [002 [002 |0.25wt% 0.18 [0.02 [0.05
0.50wWt% 043 [0.03 |004 |0.50wt% 0.36 |05 0.9
1.0wt% 0.88 [020 [0.10 | 1.0wt% 0.74 [0.08 |0.18
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Table 2. Crystalline size and Surface area of Ni doped TiO,

Ni (wt% ) Crystalline Size Surface Area
0.25 13.84nm 41.71 m?lg
0.50 10.3nm 45.7 m?lg
1.0 16.92nm 40. 8 m°lg
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Table 3. Crystalline size and Surface area of Bi doped TiO,

Bi (wt% ) Crystalline Size Surface Area
0.25 12.4nm 47.8 m?/g
0.50 13.67nm 43.4 m%lg
1.0 15.6nm 42.1 m%g
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