
Integration of photocatalytic and biological processes for 

treatment of biorecalcitrant pharmaceuticals 

A thesis submitted in fulfilment of the requirement for the award of the degree of 

DOCTOR OF PHILOSOPHY 

By 

VIBHU BHATIA 

(Regd. No. 901200007) 

 

 

 

 

School of Energy and Environment 

Thapar University, 

Patiala-147004 (INDIA) 

October, 2016 

 



I 
 

 



II 
 

 

 

 

 

 

 

 

 

 

 



III 
 

EXECUTIVE SUMMARY 

 

The present study facilitated exploring avenues for examining effective solutions to 

treat pharmaceutical model compounds and simulated effluent. The research primarily 

focussed on the degradation of pharmaceutical model compounds such as Aspirin, Ibuprofen, 

Ofloxacin and Atenolol by heterogeneous photocatalysis using various metal doped 

photocatalyst and its efficacy was compared with P25 TiO2 under optimized conditions. Fe-

TiO2 (0.5wt %) photocatalyst was synthesized by solgel method and its efficiency was 

evaluated in the degradation of the Aspirin (25 ppm).The Brunauer–Emmett–Teller (BET) 

surface area of Fe–TiO2 was found to be 72 m
2
/g and it has been observed that Fe-TiO2 

resulted in higher degradation (96%) when compared to P25 TiO2 (72%) after 6 h of solar 

irradiations.Higher activity of Fe doped catalyst was attributed to its higher surface 

areabecause TiO2 crystallite grain sizes decreased with the increase of Fe contents and the 

diffuse reflectance spectra of Fe-doped TiO2 nanoparticles displayed a red shift in the band 

gap transition and the absorbing band edge moved to visible range. Similarly, photocatalytic 

degradation of Ibuprofen (IBP) was carried out under solar irradiation (30-35W/m
2
) using 

two different catalyst viz. Bi-TiO2 and Ni-TiO2synthesized by solgel method with dopant 

concentration varying from 0.25wt% to 1.0wt% and were characterized using XRD, SEM 

and UV-reflectance spectroscopy. The rate of solar induced photocatalytic degradation of IBP 

was observed to be in the order of Bi–TiO2> P25 TiO2> Ni–TiO2 with rate constants as 

0.0064, 0.0046 and 0.0043 min
-1

, respectively.  Degradation of 89% was achieved with 2g/L 

of (0.25wt %) Bi–TiO2 photocatalyst at pH 6 after 6 h of solar illuminations, whereas, 78% 

degradation was attained under similar experimental condition with (0.50wt %) Ni doped 

TiO2. Bi–TiO2 nanoparticles exhibited higher photocatalytic activity, due to reduction in band 

gap(2.99 ev) when compared to band gap of P25 TiO2 (3.2 ev).  Further Bi–Ni co-doped TiO2 

was synthesized using sol gel method and its efficacy was observed to be higher under solar 

light when compared to P25 TiO2 for the degradation of 25 ppm Ofloxacin (OFL). The BET 

surface area was found to be 74, 55 and 18.66 m
2
/g for 0.25, 0.5 and 1.0 wt% of Bi - Ni co-

doped TiO2,respectively and the corresponding band-gap energies were found to be 2.89, 

3.09 and 3.11 eV, respectively. Degradation efficiency of 86% was attained at pH 3 with 1.5 

g/L of Bi-Ni co-doped catalyst after 6 h of solar irradiations which may be attributed to 

decrease in band gap of Bi–Ni co-doped TiO2. 
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Possibility of employing Graphene oxide based composites was explored with TiO2 as 

well as ZnO, so TiO2-G & ZnO-G composites were synthesized by hydrothermal method and 

their important characteristics were determined. XRD data showed the highly crystalline 

nature of TiO2-G. By adding graphene to TiO2, the band gap noticeably decreased from 3.2 to 

2.2 eV and surface area increased to 76m
2
/g. Photocatalytic degradation of Atenolol (ATL) 

was examined using graphene TiO2 (TiO2-G) compositesunder solar simulator(75mW/cm
2
). 

Results indicated that 72% degradation of ATL (25ppm) with 1.5 g/L TiO2-Gat pH 6 under 

solar irradiations in 1h, whereas 56%degradation was attained with P25 TiO2. Kinetic regime 

was also studied by varying the catalyst dose from 0.01- 2.0g/L and the degradation rate was 

found to be almost constant for catalyst loading between 0.01 and 0.08 g/L and thereafter, 

rate drops gradually as the catalyst loading was increased from 0.08 to 2.0 g/L. Complete 

TOC removal (94.5%) of Atenolol solution was obtained after 7h.  

Further, a four factor three level Box-Benkhen design (BBD) was employed to define 

the photocatalytic degradation of ATL in an aqueous media under slurry mode using TiO2-G 

and ZnO-G as photocatalyst. The four process variables considered were catalyst dose (0.5-

2.0g/L), pH (4-9), ATL concentration (5-25ppm) and light intensity (25-100mW/cm
2
).The 

surface area of ZnO-G was found to be 84m
2
/g. The data obtained from run of 29 

experiments suggested that maximum reaction rate of 0.783min
-1

 was achieved with 25ppm 

atenolol concentration within 1h of solar irradiation (100mW/cm
2
)at pH 6.5 when catalyst 

(ZnO-G) concentration was 1.25g/L, however reaction rate  obtained with TiO2-G was 

0.514min
-1 

under similar experimental conditions. So ZnO-G was found to be better 

photocatalyst when compared to TiO2-G in the degradation of ATL under solar irradiations. 

Further, immobilization of photocatalyst (TiO2-G)was carried out on Pyrex glass plate 

by dip coating method and optimization of process parameters such as catalyst concentration, 

pH, UV intensity and substrate concentration was done using BBD technique. Moreover, 

efficiency of TiO2-G was compared with P25 TiO2at optimized conditions for degradation of 

ATLunder immobilized mode which resulted in reaction rate of 0.0722 and 0.0497 min
 -

1
,respectively.Comparing the efficacy of TiO2-G in slurry/immobilized mode indicate that 

degradation efficacy was 35% more in case of slurry mode under similar experimental 

conditions,but, photocatalytic treatment under immobilized mode increase the industrial 

viability of process.  

Simulated effluent was subjected to independent photocatalytic, biological and 

thereafter, integrated photocatalytic-biological sequential treatment scheme to access its 

degradation efficacy in terms of BOD/COD. Biodegradability (BOD5/COD ratio) increased 
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from 0.23 to 0.42 after 4 h of photocatalytic treatment (1.5g/L TiO2) with COD removal of 

69.7% under solar simulator. In the independent biological treatment, the amount of sludge 

was varied as 2, 5, 10 and 15%, in order to optimize sludge concentration at three different 

temperatures of 20, 27 and 37°C. The maximum BOD and COD reduction of 46.3 and 

46.2%, respectively was achieved with 5% activated sludge at 37°C for a time period of 48h 

at natural pH of 6.9 under continues aeration. By employing  4h of photocatalytic treatment 

using TiO2 (1.5g/L) followed by 48h of biological treatment (37°C, 5% Sludge 

concentration) resulted in 90.5 and 80.8% removal of COD and BOD, respectively. Thus, it is 

concluded from the present study that the sequential photocatalytic-biologicaltreatment was 

more effective in the degradation of simulated effluent when compared to independent 

photocatalytic and biological processes.  
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1.0 INTRODUCTION 

 

Pharmaceutical industry is the world’s third largest industry in terms of volume in the 

world and is estimated to worth $ 4-5 billion. Indian production of pharmaceuticals 

constitutes about 13 % of world market in value terms and about 8% in volume terms. There 

are more than 20,000 registered units of this industry in India [James, 2014]. Producing 

effective medicines and vaccines to improve health of patients is the prime function of the 

pharmaceutical corporations. It is usually anticipated that in industrialised countries, due to 

the local legal restrictions, usually the manufacturing of pharmaceuticals is precise and are 

not harmful to the environment. However, a significant portion of the worldwide 

manufacturing of pharmaceuticals occurs in developing countries like India and China, where 

production cost is low [Mudgal et al., 2013].  

Pharmaceutical medications are consumed by human as well as livestock which 

comprise antibiotics, hormones, anti-inflammatory, pain killers and chemotherapy drugs. 

Many drugs have been aimed to be firm, so that they may maintain their chemical structure 

till their therapeutic work is complete.  

More than one hundred pharmaceuticals consumed by humans have been spotted in 

effluents and surface waters at concentrations ranging from parts per trillion to parts per 

billion and include various analgesics, anti-inflammatories, anti-depressants, lipid regulators, 

antibiotics, β-blockers, hormones etc., [Monteiro and Boxall, 2010]. Though the detected 

amounts of pharmaceuticals are very less, but are highly toxic for human, animal and aquatic 

lives because these drugs effect the hormonal system of body. Various sources from which 

the contaminants entered the environment include various waste stream such as domestic 

wastewater, domestic solid wastes (via landfill leachate), industrial discharges (such as from 

hospitals, other healthcare facilities, and manufacturing facilities), and from animal feeding 

operations and aquaculture. It is need of an hour to regulate and monitor the release of 

pharmaceutical compounds in effluents and drinking water sources so as to protect 

environment and living beings from health hazards. The detected occurrence of 

pharmaceutical compounds in enormous water bodies created awareness that chemicals that 

are man-made and used in relatively lesser volumes when compared to industrial chemicals 

could still be inflowing the environment at noticeable levels.  

Sewage treatment plants have not been able to remove these elements completely and 

the remains sometime pass through treatment amenities and go in natural streams such as 

rivers, streams, lakes, etc. The conventional procedures to treat such effluents involve 
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physical, chemical, electro-chemical and biological techniques however; the presence of 

hazardous compounds has been magnified as the complete degradation of the recalcitrant 

organic matter is not possible [Kummererr, 2001]. Conventionally, treatment of 

pharmaceutical industry wastewater has been carried out by biological treatment [Raj et al., 

2005], which include aerobic and anaerobic processes. Aerobic processes include activated 

sludge, membrane batch reactors and sequence batch reactors [Raj et al., 2005; Noble, 2006; 

Chen et al., 2008]. Antibiotics generally have low biodegradability as they are primarily 

biocidal materials and the mineralization of these compounds cannot be productive in the 

biological treatment systems [Ternes et al., 1998].  

With increased environmental awareness and stringent international standards, 

research on developing new and efficient clean technologies such as membrane separation, 

chemical removal, adsorption, and Advanced Oxidation Processes (AOPs) for the 

degradation of such pollutants has drawn more attention.  

1.1 PHARMACEUTICAL WASTE 

Pharmaceutical manufacturing industries usually have batch operations for the 

production of most basic drugs and their derivatives in pharmaceutical manufacturing 

industries. The composition and the magnitude of waste produced by pharmaceutical 

industries usually fluctuates with type of raw material, the process involved in manufacturing 

of different pharmaceuticals and with season. Primarily, physical operations are employed in 

formulation units for manufacturing of tablets, capsules, syrups, injections, ointments etc. 

Several steps which are involved in manufacturing of pharmaceuticals are oxidation, 

reduction, nitration, sulphonation, halogenation, amination, aminolysis, alkylation, 

esterification, crystallisation, hydrogenation, precipitation, etc. On the basis of drug to be 

manufactured, the ingredients of these pharmaceutical by-products varies and moreover, the 

materials involved in the production and the operations involved may vary. The ingredients 

involved during manufacturing can comprises of biological components such as fermentation 

wastes, pharmacologically-active ingredients like anti-coagulants, chemotherapeutic agents, 

disinfectants and  excess extraction solvents left after the isolation and purification of active 

ingredients from natural sources. Therefore, it is very hard to specify a particular treatment 

system for such a diversified pharmaceutical industry. 

It has been originated that huge volume and range of wastes formed during the 

pharmaceuticals production is higher than the amount of the water used in real final product 

and it has been reported that 200 to 30,000 kg of wasteis generated for every kg of ingredient 

produced [Wu et al., 2009]. Effluent generated from pharmaceutical and bulk drug industries 
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comprises of high organic contents with high COD and TOC. The most vigorous subject 

matter of research nowadays is the presence of pharmaceutical compounds in the 

environment, its damaging effects on humans and also the level to which they can be 

eradicated during wastewater treatment [Joss et al., 2005]. The norms for discharge of 

pharmaceutical wastewater in India are given in Table 1.1. 

 

Table 1.1 Discharge norms for large scale pharmaceutical manufacturing industries 

Parameters Standards 

pH 5.5-9.0 

Suspended solids 100-150mg/L 

BOD 30-100mg/L 

COD 250-350mg/L 

Source: CPCB, 2010 

 

1.2 TREATMENT TECHNOLOGIES 

The treatment of pharmaceutical wastewater is of great challenge due to the presence 

of large variety of organic compounds; some of them are biorecalcitrant in nature. Biological 

treatment (aerobic or anaerobic tailed by aerobic) is one of the most viable technology in the 

treatment of industrial effluents. Conventional wastewater treatment methods for 

pharmaceutical effluents was either incineration or some appropriate technologies like carbon 

adsorption, ion exchange, chemical precipitation, reverse osmosis etc. Generally, for handling 

pharmaceutical effluents with high total dissolved solids (TDS), multiple effect evaporation 

(MEE) followed by incineration is used but problem with MEE is the scaling of the tubes 

through evaporation which consequently results in reduced efficiency and increased cost of 

operation [CPCB, 2007]. Sludge produced after incineration is disposed off by landfilling 

technique. The most widely employed biological treatment for effluents with low TDS is 

activated sludge process because of rational operating and maintenance costs. Moreover, it 

treat effluents to meet mandatory discharge standards.These biological treatment technologies 

rely on several parameters such as composition of wastewater, ecotoxicants and extent of 

xenobiotics involved [Jelic et al., 2012]. This type of treatment is found to have limited 

competence as far as removal of biorecalcitrant is concerned. 

The concern of accumulation of such substances and their consequent human contact 

has stimulated the development of advanced methods for their removal to avoid the 

contamination of aquatic environment. 
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Advanced oxidation processes (AOPs) are centred on the production of hydroxyl 

radicals (·OH) which can oxidize organic compounds present in aqueous streams [Han et al., 

2004; Qamar et al., 2006]. AOP’s have been classified as homogeneous and heterogeneous. 

The homogeneous AOPs involve an oxidant to generate radicals in the presence of ultraviolet 

light, which trigger the oxidation and attack the organic pollutants. The efficiency of the 

system depends on the strong oxidant species which can oxidize almost all organic pollutants. 

The major processes used for the homogeneous degradation are: Hydrogen peroxide 

(UV/H2O2), Ozone (UV/O3), Hydrogen peroxide and Ozone (UV/ H2O2/O3) and Photo-

Fenton system (Fe
2+

/ H2O2). Heterogeneous AOP includes photocatalysis which is a versatile 

technology that involves the semiconductors as photocatalyst for treating organic pollutants 

in an environmental friendly manner. Basically the acceleration of photoreaction has been 

carried out using catalyst in heterogeneous photocatalysis. Splitting of water using solar light 

and the purification of water containing pollutants is the most noteworthy applications of 

photocatalysis. The foremost drawback of AOPs is its high operating cost because of the 

requirement of catalyst/ oxidant and high energy utilization. Also, commercialization of this 

technology is hampered due to the fast recombination rate of photo generated electron and 

hole. Therefore, integration of AOP process as coupling treatment with economical biological 

methods, seem very auspicious from economical point of view. AOP can be applied at pre or 

post treatment options to enhance the efficacy of treatment with minimal increase in 

operational cost. 

1.3 MECHANISM OF PHOTOCATALYSIS 

When Ultraviolet (UV) radiation from sunlight or illuminated light source, with 

energy equal to or greater than band gap, is allowed to fall on photocatalyst, it absorb the 

light and it will produce electrons and holes as shown in Fig 1.1. The electrons get excited to 

conduction band from valence band resulting in generation of the electron (e
-
) and hole (h

+
) 

pair. This phase is denoted as the photoexcitation state of semiconductor. For excitation of 

electron, energy greater than the width of band gap is required i.e. the energy difference 

between the valence band and the conduction band. The h
+
 of photocatalyst break down the 

water and leads to formation of hydroxyl radical whereas e
-
 reacts with oxygen molecule to 

form super oxide anion. This process persists till the light is obtainable and energy greater 

than the band gap is available to photocatalyst.  
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Fig 1.1. Mechanism of photocatalytic Degradation 

 

Semiconductors like TiO2, ZnO, SnO2 and CeO2, which are abundant in nature, are 

employed as photocatalysts for the mineralization of organic pollutants present in aqueous 

streams [Hoffman et al., 1995]. Among these, TiO2 is extensively used photocatalyst because 

it is exceptionally stable (with respect to photocorrosion/chemical corrosion), non-toxic, 

chemically inert and highly reactive. It has Band gap of 3.2ev and surface area of 50m
2
/g 

with particle size of approximately 21nm. [Chen et al., 2012; Palaez et al., 2012]. Yang et al. 

2012 studied photocatalytic degradation of Paracetamol using TiO2 in aqueous solution and 

obtained 95% degradation with 0.8g/L catalyst dose. Usually, semiconductors with wide band 

gap work as better photocatalyst when compared to lower band gap semiconductor materials 

because of large free energy of photogenerated electrons and holes of the former and the 

intrinsically less photochemical and chemical stability of the latter. On the other hand, more 

adapted semiconductors to the solar spectrum are those which are having lower band gap, 

thereby offering the compelling benefit and potential utilization of affordable treatment. ZnO 

is a semiconductor having wide band gap of 3.3 eV, large exciton binding energy (60 MeV), 

ample in nature, environment friendly and natural n-type conductivity [Li et al., 2007]. High 

band gap, recombination of electron hole pair and UV light absorption are some of the 

drawbacks of these semiconductors. 

1.4 DOPING OF PHOTOCATALYST 

In principle, doping is the insertion of extrinsic components into the parent 

semiconductor without altering the actual crystalline structure or phases. The objectives are 
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to improve the separation of electron and holes and effectively use the visible-light 

constituent which is about 43% in the solar spectrum when compared to the narrow 

ultraviolet section (only 5%). Anionic impurities such as N, C, S, B and P have been utilized 

as dopants for extending the optical absorption of TiO2 to the visible region of the spectrum 

[Hoffmann et al., 1995]. Investigations have also been carried out into the development of 

visible light-responsive photocatalysts by adding slight amounts of constituents such as 

cations and metal oxides. Basically impurities are inserted such as metal ions in the pure 

photocatalyst, mostly d block metal ions which results in the initiation of impurity energy 

levels between the conduction and valence bands. In this instance, actually the fermi levels 

are introduced in the semiconductor which provide sub-bandgap for irradiation and electrons 

can be excited from dopant d-band to conduction band or from valance band to dopant d-

band by lower energy photons. Typically the insertion of metal ions as dopant results in 

enhancement of charge separation as well as interfacial charge transfer [Lam et al., 2007]. 

However, there are various concerns of doping, linked to their efficacyand cost effectiveness. 

Sometimes co-doping may also be carried out to enhance photocatalytic activity. 

However, this may not surely avoid structural defects rising from the modifications in 

cationic radii between dopants and the parent photocatalyst. Doping was actually results in 

oxygen vacancies that prolonged photo-response instead of rising from d-band supplement 

[Serpone et al., 2006].  Further, doping using the non-metals has also been explored (such as 

N, C and S) [Murase et al., 2004; Asahi et al., 2001]. The advantage of using the non-metal 

dopant are the higher photocatalytic activity, stability [Cherepy et al., 1998] and nontoxicity 

of dopant ions. In general, TiO2 and numerous other materials have been extensively studied 

comprising the consequence of impurity intensities in the dopant on photocatalytic efficiency 

[Yu et al., 2002; Carp et al., 2004; Li et al., 2006].  

Various methods employed for doping include sol-gel, hydrothermal method, Liquid 

phase deposition, ion-assisted sputtering, wet impregnation, coprecipitation, chemical vapour 

deposition (CVD), etc. Sol-gel method results in the homogeneous distribution of the dopant 

ion in the crystal of semiconductor and is the most widely used method. Similarly, the 

hydrothermal synthesis has emerged as another doping method, in which dopant ions 

allocates consistently in system during the whole hydrothermal process. The advantage this 

method is that the prepared materials have well crystalline phase, which leads to thermal 

stability of materials. The hydrothermal process consist of solvents as reaction medium that is 

eco-friendly because it is carried out in a closed reactor and the ingredients can be recovered 

and reused after bringing down to room temperature. In the impregnation method, insertion 
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of metal ions in the TiO2 crystallites do not takes place effectively and therefore, only 

substitution may take place on the surfaces [Paola et al., 2002; Grzybows et al., 2002]. 

Further, in the co-precipitation method, mixed metal hydroxides are allowed to undergo post-

heat p 

rocessing for the production of metal doped catalyst. So the high temperature and 

heating for long time may separate out the dopant metal ions into respective metal oxides and 

therefore, get segregated on the surfaces. 

1.5 GRAPHENE BASED COMPOSITES 

As a novel material, graphene has lately exhibited to have many amazing physical 

properties, such as high specific surface area (2600m
2
/g), exceptional mobility of charge 

carriers (20,000 cm
2
 V

−1
 s 

−1
), high chemical stability and good optical transparency [Geim et 

al., 2007; Park et al., 2008].Therefore, it is highly desirable to explore its potential to form a 

hybrid structure with different nanomaterials for photocatalytic uses.
 

The improvement in the photocatalytic activity is attained due to a clear red shift of 

the absorption spectrum and greater absorbance in the visible region. Thus, the fusion of 

graphene enhanced the fascination of visible light. Further, the conduction band of TiO2 is 

more negative than the work function of graphene, such that the transmission of 

photogenerated electrons from photocatalyst to graphene is easily possible. A graphene is 

acceptor of electrons, it repressed the charge recombination, and also, graphene has 

exceptional conductivity and speedy movement of charge carriers that enabled the charge 

transfer. Generally, both the electron accepting and transporting possessions of graphene in 

graphene based composites successfully curbed the electron–hole recombination and boosted 

the photocatalytic activity [Zhang et al., 2011]. 

1.6 IRRADIATION SOURCE 

Heterogeneous photocatalytic processes under irradiation of traditional ultraviolet 

(UV) sources are extensively explored in the field of removal of pollutants from wastewater, 

but the industrial scale development desires an energy efficient source to conquer the 

rigorous energy crisis going ahead. In a photocatalytic reactor, UV-A (315-400nm) radiation 

is emitted by low-pressure mercury lamps that generate low-intensity UV-A radiation. 

Medium pressure mercury lamps discharge high intensity UV light in the short, medium and 

long UV spectrums. Whereas, short (UV-C; 200-280 nm) and medium (UV-B; 280-320 nm) 

UV radiation emitted by the lamp is usually barricaded by thephotoreactor material made of 

quartz. 
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Recent novelties includes the use of energy efficient UV/visible light emitting diodes 

(LEDs) as source of light in lab-scale reactors [Natarajan et al., 2011; Nickels et al., 2012]. 

Solar simulators have also been employed now a days for process of photocatalysis. A solar 

simulator is a device that work as artificial sun and delivers illumination resembling natural 

sunlight. The advantage of solar simulator is that it mimics with the solar spectrum, so it 

provide facility to use either full solar spectrum intensity or by using filters so as to employ 

only UV light. Apart from UV/Solar light, other irradiation sources include gamma and 

electron beam. Gamma irradiation, is an electromagnetic radiation of high frequency which is 

generated by interaction of sub atomic particles. Gamma rays have the smallest wavelengths 

and the highest energy when compared to other radiations in the whole electromagnetic 

spectrum [Fang and Wu, 1999]. Ionizing radiation have enough energy to release the 

electrons from atoms and molecules to transform them to electrically charged particles called 

ions. Further reactions of these generated ions, will result in the generation of free radicals 

which are reactive and ultimately lead to chemical oxidation [Dahlan, 2001].The process of 

irradiation by electron beam in water can result in oxidation and reduction reaction, 

simultaneously. The treatment of water by e-beam results in the generation of numerous 

radicals and ions [Leitner et al., 2011].  

1.7 PHOTOREACTOR 

Photocatalytic reaction can be carried out in slurry/ immobilized mode. In slurry type 

reactor, the photocatalyst particles are present in the aqueous solution with the aid of 

mechanical stirring [Wei et al., 2011] or air sparging [Chong et al., 2011]. Slurry reactors can 

be executed in batch or continuous mode. Slurry reactors offer some advantages, such as high 

surface area, high degradation rate, no mass transfer limitation and simple reactor structure 

[Mohammadiet al., 2014]. However, they also have some drawbacks, which include light 

penetration limitation due to the opacity of the slurry, fouling of catalysts due to the 

decomposition of the catalyst particles, problem of catalyst separation from the treated liquid 

in view of catalyst recycling and low light utilization efficiency [Shah, 2014]. At industrial 

level, the catalyst must be filtered before treated water being discharged, hence, a liquid–solid 

separator is required in the slurry reactor. The cost of the overall process increases due to 

installation of these separator, as the removal of the ultrafine particles is a sluggish and costly 

process.  

In order to reduce downstream processing cost, the photocatalyst can be used in 

immobilized form onto some inert support. Fixed bed photocatalysis do not require 

separation of catalyst in a separate unit operation and the operation can be continuous. 
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Adsorption characteristics are also influenced by the type of support material and 

subsequently, the decomposition rate of pollutants also get altered [Sakthivel et al., 2002]. 

Furthermore, flow rate also play a significant role in tailoring rate of reaction in case of 

immobilized catalyst [Bideau et al., 1995; Kobayakawa et al., 1998]. The characteristics of 

support that should be taken into consideration include transparency to irradiation, strong 

bonding to the surface of photocatalyst without hampering any reactivity, high specific 

surface area, and separability and chemical inert [Pozzo et al., 1997]. Support materials that 

have been employed in the photocatalytic oxidation of water pollutants include glass, carbon 

fibres and woven fibre cloths. Generally loss of pressure and pore diffusion resistance is low, 

when fibrous supports are employed when compared with pellet shaped catalysts. Glass 

support have advantage to be used as a catalyst support because of its transparency to UV 

light in photocatalytic reactions [Kleiman-Shwarsctein et al., 2008]. 

In order to attain an efficacious commercial application, a number of reactor design 

parameters need to be optimized, such as the geometry of photo reactor, the sort of photo-

catalyst and the radiation energy to be applied [Albini et al., 2010]. The essential point which 

need to be taken into consideration is the transmission of irradiation which should be 

extremely scattering and the absorbing medium having water and fine photocatalyst particles 

concerning the successful execution of photocatalytic reactors [Ramesh et al., 2008]. The 

successful scaling-up of photo-catalytic reactors comprises increasing the number of photons 

absorbed per unit time and per unit volume. 

1.8 KINETICSTUDIES  

Chemical kinetics plays a vital role in heterogeneous photocatalysis. Generally, it 

includes the analysis of the amount of a substrate in terms of concentration as a function of 

time as depicted in equation 1. The reaction rate is expressed as decreasing rate of any of the 

reactants with respect to time. Power law is commonly used to express the reaction rate 

                 (1) 

Where, rate constant is k and n is the order of reaction.  

Usually kinetic models are employed to describe photocatalytic processes, such as, 

pseudo first order and second order models. The term ‘pseudo’ has been placed as prefix to 

the order of a reaction because one of the reactants in catalytic reaction is a catalyst and its 

concentration remains unaltered in such a way that instead of having second order reaction, a 

pseudo-first order reaction is observed. Secondly, the surface of catalyst gets fully covered 

when the substrate is in surplus amount and the degradation of the substrate doesn’t depend 
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on its concentration. At such saturation level, a pseudo zero order photocatalytic reaction is 

observed [Theurich et al., 1996]. 

Langmuir–Hinshelwood (L–H) rate expression (Equation 2) has been effectually used 

for heterogeneous photocatalytic degradation to analyse the relation between the initial 

degradation rate and the initial concentration of the organic compound [Vasanth et al., 2007; 

Krishnakumar et al., 2011].  

(2) 

 

Where [MY] 0 is the initial concentration of organic compound (mgL
-1

), KLH the Langmuir–

Hinshelwood adsorption equilibrium constant (L mg
1

) and kc the rate constant of surface 

reaction (mg L
−1

 min
−1

). Dark adsorption measurement is always prerequisite for L-H type 

kinetic models. If the kinetically obtained Langmuir–Hinshelwood adsorption equilibrium 

constant is different from that obtained in dark adsorption measurement, the L–H mechanism 

cannot be considered [Ohtani, 2008].  

1.9 OPTIMIZATION OF PROCESS PARAMETERS 

The effectiveness of a photocatalytic reaction rely on various factors, which direct the 

performance of photocatalysis. Initial concentration of pollutant, photocatalyst loading, pH of 

the reaction mixture, volume of solution, agitation, irradiation time, light intensity, irradiation 

wavelength, and geometrical factors of the experimental setup are the important 

considerations. Due to the various detrimental factors, it is difficult to analyse the relative 

inference of several factors that affect reaction, mainly in the existence of tedious 

interactions. Generally, effect of one factor at a time have been tested in experiments for 

analysing the effect of functional factors on the efficiency of photocatalytic process which is 

time consuming, work demanding and also lack illustration of the effect of relations between 

different factors.. There are various steps involved in RSM optimization process: execution of 

statistically designed experiments; assessing figures of a mathematical model by using 

method of regression analysis for calculating the response and then evaluating the fitness of 

the model [Myer et al., 2002; Ray, 2006]. Box Behnken design (BBD), one of the RSM 

technique is used to design the experiments. The BBD is an effective technique generally 

used for studying three level design [Sharma et al., 2009; Patel et al., 2010]. It is applied to 

non-sequential experiments and allow and efficient estimation for the first order and second 

order coefficients with fewer design points than the central composite design (CCD). 

Amongst the existing statistical design approaches, a full factorial design (FFD) is reflected 

http://www.sciencedirect.com/science/article/pii/S1385894708007833#bib28
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as unfeasible because of its condition of a huge number of experiments for precisely guessing 

the response [Myer et al., 2002; Ray, 2006].  

1.10 INTEGRATION OF PHOTOCATALYTIC AND BIOLOGICAL PROCESSES 

AOPs are effective when compared to biological treatment but are relatively 

expensive. However, the use of AOPs is necessary when the solution to be treated is non-

biodegradable or hardly biodegradable and there is presence of some toxic pollutants in 

wastewater. One economically feasible possibility to treat wastewater containing non-

biodegradable pollutants consist of combining AOP and a biological treatment. AOP can be 

used as pre-treatment or post treatment depending on the organic content and toxicity/ 

biodegradability of wastewater. In order to measure the biodegradability, BOD5/COD Ratio, 

Zahn-wellen’s test, EC50 value, etc have been employed. For such type of toxic wastewater, 

AOPs could be employed at pre-treatment on the basis of concentrations of the compounds. 

Further in AOP, biorecalcitrant residuals are attenuated to smaller and biodegradable 

molecules which can be treated aerobically in the final stage. So photocatalysis as 

pretreatment may be employed to enhance the biodegradability of such pollutants and to 

lower the toxicity [Auzay et al., 2007]. Therefore, integration of chemical treatment and 

biological processes can provide alternative treatment options in purifying wastewater that 

are not readily biodegradable. 
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2.0 REVIEW OF LITERATURE 

Pharmaceutical remnant may enter the living world by a various different pathways. 

Excretion from patients undergoing pharma treatment is the most probably utmost pathway 

for pharmaceutical excesses to enter in the aquatic environment. Since many pharmaceutical 

substances are expelled in biologically active form, generally by urine as they remain un-

metabolized in the body. Drugs are emitted and released into the environment through 

domestic sewage as well as industrial effluents.  

The pharmaceutical excesses have been identified in groundwater, surface water and 

municipal wastewater [Jones et al, 2005]. These compounds remain in the environment and 

move in the food chain, accumulate, magnify and cause damaging effects to wildlife, aquatic 

life and human beings. Because of contamination of water bodies by these pharmaceutical 

agents, the microbial community in the aquatic environs become more resistant to these 

chemicals. This results in the growth of more virulent pathogens and antibiotic defiant in the 

environment. 

Various kind of pharmaceutical compounds have been identified in sewage waste 

water and surface waters in the past several years [Kolpin et al., 2002; Stumpf et al., 1999]. It 

has been reported that up to 95% of antibiotic compounds can escape unvaried into the 

sewage system [Patneedi et al., 2015]. Several broad spectrum antibiotics were found in high 

concentration in effluents that are toxic to bacteria and plants. In the sewage treatment plant, 

there were enterococci microorganisms that are resistant to antibiotics, that’s why these 

antibiotics are not mineralized by sewage treatment plants. As a result, quality of drinking 

may get influenced when river water is used as water source [Heberer et al., 1997]. 

Generally, the maximum concentrations are usually reported for Non-steroidal anti-

inflammatory drugs, which could be accredited to their extensive usage because they can be 

easily obtained without medical prescription. Most commonly consumed drug, Ibuprofen, is 

usually identified at an elevated concentrations of 5-10μg l
−1

 [Nakada et al. 2006; Radjenovic 

et al., 2007; Santos et al., 2007]. Although these drugs are removed in high quantity, it is still 

spotted in rivers downstream due to enough consumption in human medicine. 

Acetaminophen (Paracetamol) and Aspirin are also other prevalent pain killer. Besides these 

drugs, some prescribed drugs such as β-blockers are also identified in raw sewage [Gros et 

al., 2007; Radjenovic et al., 2007]. The most commonly detected β-blocker in influents 

appears to be Atenolol [Castiglioni et al., 2006; Nikolai et al., 2006]. Furthermore, many 

studies have provided evidence that ATL could inhibit the growth of human embryonic cells 
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and was ecotoxic to freshwater species [Della-Greca et al., 2009]. Also, chlorination of ATL 

after the process of wastewater disinfection had phytotoxic activity [Hapeshi et al., 2010]. 

There are certain classes of antibiotics that may cause irreversible change in the 

genome of microorganism and making them resistant even at low concentration.  The release 

of antibiotic drugs into the environment has direct lethal effect on vultures which get exposed 

to a nonsteroidal anti-inflammatory drug, and leads to reduction of soil microbial community. 

Endocrine disruption is perhaps the uppermost research urgency as a potential adverse 

ecological health consequences. 

Similar to pharmaceuticals compounds, the Drug attritions are measured to be pseudo 

persistent in the environment, and thus, they are identified to be an emergent ecological 

pollutants of concern. They enter the aquatic stream mostly by sewage wastewater. After 

drug is consumed, altered form of the parent compound and metabolites are expelled by urine 

and enter into sewage. 

2.1 BIOLOGICAL TREATMENT 

Conventional activated sludge process (ASP) has been employed for the eradication 

of contaminant present in pharmaceutical wastewater [Gohary et al., 1995]. Kummerer and 

Al-Ahmad (1997) considered that due to chemical structures, there is ample variances in 

biodegradability of parent pharmaceutical compounds and they become more or less 

biodegradable due to the occurrence of sugar component or due to fluorination, respectively. 

As biodegradation occurs by the enzymatic reactions of chemical structures, therefore, the 

biodegradability of pharmaceutical compounds with different chemical structures band in the 

similar therapeutic class is even anticipated to diverge. Many different systems such as 

aerobic treatment, membrane bioreactors (MBRs), sequencing batch reactors (SBRs), sand 

columns, and constructed wetlands, have been studied for the biodegradation of 

pharmaceutical pollutants. Some of the studies highlighted biodegradation as a removal 

process, whereas, some inspect the complete removal by combination of processes with 

biodegradation. These experiments have been done both at lab scale and pilot scale.  

A biodegradation study of anticancer drug 5-fluorouracil (>800 mg/l) yielded a 

removal of 2% [Kummerer and Al-Ahmad, 1997], whereas 50% removal has been reported 

with initial concentration of 50 mg/l or less of 5-fluorouracil. Pharmaceutical and personal 

care products (PPCPs) such as Galaxolide and tris (2- chloroethyl) phosphate are categorised 

as having poor removal, had specific sludge retention time (SRTs) of more than 15 d 

[Oppenheimer et al., 2007]. Gobel et al.(2007) reported that using activated sludge, upto 50% 

removal of trimethoprim and several macrolide antimicrobials was achieved with SRTs of 16 
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± 2 and 33 ± 3 d, but when the SRT was raised to 60–80 d, up to 90% removal was observed. 

Schroder et al.(2012) studied biological degradation of Non-steroidal anti-inflammatory drug 

(NSAIDs) and antibiotics with membrane bioreactor for SRT of 15/30 days and it was 

reported that NSAIDs were removed with higher efficiencies than the antibiotics, with SRT 

of 30 days. Biodegradation of organonitriles using activated sludge consortium was carried 

out and the results show that an average removal rate of 0.083 g acetonitrile g/L was achieved 

in the batch bioreactor at 25°C [Li et al., 2007c]. Kimura et al.(2007) considered six 

pharmaceuticals (Clofibric acid, Diclofenac, Ibuprofen, Ketoprofen, Mefenamic acid, and 

Naproxen) in a real wastewater treatment plant (WWTP) and analyse their elimination 

employing an ASP and membrane bioreactors (MBRs) with SRTs varied from 7-65 days and 

it was reported that the MBR with a longer SRT of 65 days showed enhanced performance 

when compared to smaller SRT of 15 days. Theoretically, it is assumed that by enhancing the 

SRT a positive impact on the biodegradation of pollutants is expected. But in a study of Joss 

et al. (2005) observed no enhancement in degradation of Roxythromycin with increased SRT. 

Radjenovic et al. (2007) analyzed biological removal of various analgesics, anti-

inflammatory and antibiotics in a Bench scale reactor using MBR technology. 

 For Diclofenac, less removal efficacy has been reported (21.8 ± 28.5%) in a field 

scale membrane bioreactor, but for Ibuprofen, 97% of removal rate has been reported 

[Radjenovic et al., 2009]. In general, it has been reported that Ibuprofen has the highest 

removal rate among all pharmaceutical drugs, as it is easily biodegradable, and degradation 

over 95% has been documented in bench scale experiments and wastewater treatment plants 

[Monteiro et al., 2010]. For most of the compounds, 80% degradation has been achieved 

almost in 60 days. One of the study reported that anaerobic bench scale experiment that 

showed removal of Ibuprofen (30–60%) under anoxic conditions and degradation of 

Diclofenac upto 80% has been reported [Carballa et al., 2007]. In few WWTPs 50–70% 

reduction of Diclofenac (DCF) was stated [Ternes, 1998; Thomas and Foster, 2005; 

Castiglioni et al., 2006; Radjenovic et al., 2007]. 

Casas et al.(2015) studied biological degradation of hospital wastewater using moving 

bed biofilm reactor in both batch and continuous mode and found removal rate to be 

maximum in batch mode when compared to continuous mode. Blanch et al.(2014) assessed 

biological degradation of 28 different pharmaceutical compounds by employing MBR sludge 

and observed 66% degradation of 12 out of 28 compounds.  

In general, biological methods are inadequate for exclusion of all possibly harmful 

components present in the wastewater even with an extended Hydraulic retention time (HRT) 
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[Joss et al., 2005; Raj et al., 2005]. The biological and physiochemical treatment methods are 

less efficient for purification of pharmaceutical wastewater [Hahn et al., 1999; Kornaros et 

al., 2006; Ginnivan et al., 1981].  

A combined anaerobic-aerobic treatment for pharmaceutical wastewater proved to be 

effective in reducing COD but not in removal of antibiotics [Kummerer, 2001]. Alexy et al. 

(2004) demonstrated that antibiotics are not readily biodegradable and their genotoxicity is 

not eliminated by biological treatment. Conventional biological processes do not show 

adequate performance, specifically for industrial wastewater treatment, because various 

organic components generated by the industry are non-biodegradable and are toxic [Lapertot 

et al., 2006]. Therefore, the use of advanced technologies is the possible option which is 

based on chemical oxidation and is recognized as highly proficient treatment for 

biorecalcitrant compounds.  

2.2 ADVANCED OXIDATION PROCESSES (AOPs) 

AOPs have been known in the initial 1970s as the auspicious arena of research for 

degradation of pollutants and therefore, research and development work started on this 

technology. AOPs have been lately getting the attention, as showed by the enormous kind of 

research studies [Herrmann et al., 1999; Tarr, 2003; Gogate and Pandit, 2004; Parsons, 2004]. 

AOPs comprise oxidation in two phases i.e. the production of strong oxidants and then 

followed by the reaction of the oxidants with contaminants in water sample. The utmost 

commonly used AOP is the Fenton process to attenuate persistent organic pollutants (POPs) 

[Andreozzi et al., 1999]. However, the effectiveness and application of this method can be 

improved by exposing the treated water by UV light or visible light [Tarr, 2003]. Other 

photochemical methods, such as heterogeneous photocatalysis, using catalyst in suspensions 

or immobilized mode [Herrmann et al., 1999; Konstantinou and Albanis, 2003] as well as 

ozonolysis [Rosenfeldt et al., 2006], have also been cited in literature for degradation of 

pollutant. Degradation of Amoxicillin by photofenton showed that under optimum operating 

conditions, complete degradation of Amoxicillin was achieved in a minute [Trovo et al., 

2011]. The degradation of Paracetamol was assessed using laterite soil and FeSO4 as iron 

source in Fenton process and it has been observed that degradation of Paracetamol with iron 

from soil was less when compared to iron from FeSO4 [Manu et al., 2011]. Oxidation of 

theophylline in water has been carried out using oxidation process by H2O2/UV photolysis 

and observed k2 = (8.22 ± 0.03) × 109 dm
3
 mol

−1
 s

−1
 at pH 6 [Paul et al., 2014]. The oxidative 

degradation of drugs such as Ibuprofen and Diclofenac have been studied with combined 

application of ozone and hydrogen peroxide resulting in almost 98% of degradation 
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efficiency [Zwiener et al., 2000]. The treatment of concentrated Sulfamethoxazole (SMX) 

solutions was evaluated by AOPs using photolysis, UV/ H2O2 and photo-Fenton under UV/ 

sunlight and results indicated that SMX showed the maximum photolytic degradation 

efficiency with UV light [Gonzalez et al., 2009]. The photodegradation of pharmaceutical 

antibiotic (Cephalosporin, Penicillin) and veterinary antibiotics in aqueous suspension using 

H2O2 and ozone has been reported [Balcioglu et al., 2003]. The efficacy of UV/ H2O2 

treatment for the removal of six pharmaceuticals compounds has been investigated 

(Meprobamate, Carbamazepine, Dilantin, Primidone and Trimethoprim) and it was found that 

degradation efficiency is directly associated to amount of hydroxyl radicals produced [Ortiz 

et al., 2010]. Photocatalytic degradation has been asses for removal of dyes using green 

approach and assessed the various parameters affecting degradation of dyes [Chowdhury et 

al., 2015].Degradation of ECF bleaching wastewater has ben carried out by employing TiO2 

(0.5g/L) at pH 7 and observed 66% removal of COD in 4h of irradiation under UV irradiation 

[Kumar et al., 2012]. 

Heterogeneous photocatalysis in the aqueous medium using TiO2 has been employed 

widely, primarily for the oxidation of organic contaminants [Mills and Le Hunte, 1997]. This 

treatment is effective for removing a various inorganic and organic pollutants. Number of 

applications of heterogeneous TiO2 photocatalysis, primarily in the area of water purification, 

have been recently analyzed [Mills and Le Hunte, 1997; Fujishima et al., 2000; Pelaez et al., 

2012]. For example, various toxic compounds, such as cyanide, bromate etc. have been 

attenuated into nontoxic or least toxic compounds such as CO2, bromide, sulphate [Mills and 

Le Hunte, 1997]. Heterogeneous TiO2 photocatalytic degradation has also been explored for 

pesticides [Herrmann et al., 1999; Konstantinou and Albanis, 2003] and pharmaceuticals 

[Sakkas et al., 2007]. 

There are numerous published papers about degradation of Pharmaceutical and 

personal care products (PPCPs) in waters by TiO2 photocatalyst. TiO2 has been reported to be 

one the most popular and efficient photocatalysts in the degradation of some antibiotics such 

as Lincomycin, Tetracycline, Oxolinic acid, and Fluoroquinolone. [Paola et al., 2006, 

Palominos et al., 2008]. Ghajar et al. (2012) studied photocatalytic degradation of Aspirin in 

aqueous solution using TiO2 as photocatalyst under UV irradiation and obtained 73% 

degradation of the model compound. Chatzitakis et al. (2008) studied photocatalytic 

degradation of Chloramphenicol using TiO2 and ZnO and observed that both photocatalyst 

showed equal mineralization in 90 mins. Pouretedal et al. (2013) analyzed photocatalytic 

degradation of β-lactam antibiotics such as Amoxicillin and Ampicillin. Photocatalytic 
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degradation of Paracetamol showed that degradation efficiency increased with combined 

effect of TiO2 / H2O2 and reaction followed second order rate kinetics [Yang et al., 2009]. 

Degradation of Bezofibrate in the presence of TiO2/solar light showed that photocatalysis is 

more efficient than photolysis [Lambropoulou et al., 2008]. Xekoukoulotakis et al. (2010) 

reported the use of UV/TiO2 to achieve 90% TOC reduction of Erythromycin after 90 

minutes of reaction. Similarly, 82% of Sulfamethoxazole degradation and 23% TOC removal 

by UV/TiO2 has been reported in 6h [Abellan et al., 2007]. Photocatalytic degradation 

performed in an annular slurry photoreactor for two organic solvents in water was studied in 

the presence of carbonate and bicarbonate, which are hydroxyl radical scavengers and 

observed that bicarbonate and carbonate ions acted as hydroxyl radical scavengers and 

slowed down the DIOX degradation rate but did not significantly affect the THF degradation 

rate [Mehrvar et al., 2001]. 

Hapeshi et al. (2010) investigated the effect of type of catalyst, catalyst dose, initial 

substrate concentration, pH and H2O2 as an additional oxidant on substrate conversion and 

mineralization in photocatalytically degradation of drugs like Ofloxacin and Atenolol using 

P25 TiO2. Zhang et al. (2008) analyzed the photocatalytic activity for Acetaminophen in TiO2 

solution in slurry mode under 250 W of halide lamp. The effect of various factors such as 

initial concentration of drug, initial pH value, TiO2 dosage, etc were analyzed in the 

degradation of Acetaminophen. Hu et al. (2007) assessed the degradation of 

Sulfamethoxazole by TiO2 under UV light and found the rates of degradation are reliant upon 

numerous factors, such as the initial concentration of SMX, concentration of catalyst and the 

occurrence of non-target water ingredients like bicarbonate ions may act as HO
.
 scavengers. 

Hu et al. (2007) also analyzed that the occurrence of natural organic matter hinders 

photocatalytic degradation of SMX to a greater extent at pH 5 when compared to pH 9. 

Further, the occurrence of bicarbonate result in enhancing photocatalytic degradation of SMX 

at pH 9. Direct photolysis and solar TiO2 photocatalysis of Trimethoprim (TMP) in various 

water matrices have also been reported [Sirtori et al., 2010]. It was found that, TMP was 

totally eradicated in both  water matrices (demineralise and simulated seawater) at a similar 

rate, however, the degradation rate was significantly reduced in seawater, which can be due to 

presence of inorganic species that act as HO
.
 Scavengers [Sirtori et al. 2010].  

Photocatalytic degradation of Amoxicillin was studied using TiO2 under solar 

radiation with the degradation efficiency of 71% [Pereira et al., 2013].Braz et al.(2014) 

assessed photocatalytic degradation of Ibuprofen under TiO2/UV irradiations and observed 

complete IBF removal in less than 60 mins of irradiation time. Jallouli et al.(2016) 
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investigated photocatalytic degradation of Naproxen using TiO2 as photocatalyst and 

observed 98% removal at pH 6.5.  

 

2.3 ADVANCEMENTS IN PHOTOCATALYSTS 

One of the main drawbacks of using commercially available TiO2 photocatalyst is that 

its band gap (3.2 eV) is high and lies in the UV range of the electromagnetic spectrum [Wang 

et al., 2008]. As a result, only UV light can generate the electron–hole pairs and start the 

photocatalytic process. However, it is well known that solar light consist of only 3–5% of the 

UV light. To study photoactivity under various environmental conditions, P25 TiO2 is 

considered as standard reference catalyst [Serpone et al., 1996]. Further, it is important to 

mention that the recent progress of various methodologies to alter TiO2 for enhanced use of 

visible light, include non-metal and metal doping, dye sensitization, and coupling of 

semiconductors [Pelaez et al., 2012]. Sud et al. (2012) studied photocatalytic degradation by 

employing TiO2 and ZnO as photocatalyst in different ratios for degradation of malachite 

green and observed maximum degradation using 9:1 (TiO2: ZnO) at 1g/L concentration. 

So scientists are working extensively to shift TiO2 optical response to the range of 

solar light. In order to achieve this, various attempts have been made to enhance the 

photocatalytic activity of photocatalyst by inculcating an adequate percentage of a metals and 

Non-metals [Penner et al., 2006; Choi et al., 2007; Yoong et al., 2009] known as dopants. In 

the early 1980s, it was discovered as a modification technique and since then, doping has 

been frequently used method in the treatment of waste water for degrading organic 

compounds [Kamat et al., 2010]. In order to increase efficacy in solar light, it is of great 

interest to employ doped catalyst so that its cost of operation can be reduced[Sivalingam et 

al., 2003]. 

The insertion of different types of dopants in the synthesis of nano doped 

TiO2 photocatalysts has been studied so as to improve the morphology and photocatalytic 

activity of catalyst. Various metal dopants, including Cobalt [Hsieh et al., 2009, Suriye et al., 

2005], Barium [Atashfaraz et al., 2007], Manganese [Zhang et al., 2006], Nickel [Wang et al., 

2008] and Iron [Janes et al., 2004, Deng et al., 2009], have been examined for their potential 

to boost the photocatalytic performance.  

Doping of Non-metals anion has been inspected thoroughly because the electronic 

states of non-metals are above the valence band edge of TiO2. So, different non-metal 

dopants (C, N, S) has been verified to check their ability to enhance the morphology and 

photocatalytic activity [Chen et al., 2007, Livraghi et al., 2009]. Anionic impurities such as 
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N, C, S, B and P were employed as dopants for extending the optical absorption of TiO2 to 

the visible region of the spectrum [Hoffmann et al., 1995]. Basically the percentage of the 

anatase phase increases on addition of non-metal anions in TiO2, and it also limit the growth 

of crystallite size of TiO2, and leads to increases of specific surface area [Yu et al., 2009]. 

Degradation of 2-chlorophenol has been studied using S doped TiO2 synthesized by 

ultrasonic radiations and profound improvement in photocatalytic activity was observed at 

pH 6 due to reduction in band gap to 2.47ev from 3.2ev [Sud et al., 2015].  

Similarly, doping with non-metals such as N/F-TiO2 and C/N-ZnWO4 [Yamakata et 

al., 2003; Kudo et al., 2009] has been used to lower charge faults, but in few cases, the 

quantum efficiencies remain incomparable with the excited photocatalysts. The presence of 

metals as dopant, such as Pt, Pd, Au and Ag has been reported to boost the photocatalytic 

activity of catalyst. Wang et al. (2012) synthesized Ag–AgBr/TiO2 photocatalyst to analyze 

degradation of IBP and result showed that after 6h of LED irradiations, 81% of organic 

carbon was mineralized with decrease in toxicity, however, same experiment conducted in 

solar light using Ag doped TiO2 showed less degradation efficiency, Moreover, the use of Ag 

metal ions as dopants seems to be expensive when compared to other metal ions or transition 

metals. 

Various studies have shown that class of Bismuth Oxide such as Bi2WO6, BiVO4, 

Bi2O3, Bi3O4Cl, Bi2MoO6 and Bismuth-doped TiO2 have shown noteworthy results in visible 

light for degradation of organic pollutants [Tang et al., 2004; Wang et al., 2008]. Among 

various transition metal ion dopants, Ni
2+

 ions also appears to be a proficient doping agent for 

TiO2 as it enhances the photocatalytic activity of semiconductor photocatalysts by trapping 

the electrons and helps in charge separation [Begum et al., 2008]. Photocatalytic degradation 

of phenol as been carried out using surface modification of TIO2 with Ag metal ions and 

significant enhancement in degradation has been reported as compare to bare TIO2 

[Grabowska et al., 2013]. 

Studies have been carried out to enhance the photocatalytic efficiency of TiO2 or ZnO 

doped with metal oxide like SnO2 [Zheng et al., 2008; Shi et al., 2000], WO3 and some rare 

earth oxides like LaO2, TbO2, ErO2 [Lin et al., 1998]. Doping of these metals fundamentally 

reduces the band gap of TiO2 for the photo-excitation (red shift) and also reduces the 

recombination of electron–hole pairs generated by photons. Currently, a foremost demanding 

objective is to have stable doped nanomaterials with suitable possessions that can 

successfully absorb visible light and is affordable. Kouame et al. (2015) synthesize the Bi 

http://pubs.acs.org/author/Grabowska%2C+E
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zero-valent clusters on TiO2-P25 by radiolysis and analyzed its efficiency for photocatalytic 

degradation of Rhodamine B and observed highest efficiency with 0.5wt% Bi ions. 

Different doping methods such as sol gel, coprecipitation, hydrothermal and 

impregnation have been applied to impregnate the small amount of dopant into the crystal 

lattice. Research findings have revealed that sol gel method is the most commonly used 

method for preparation of TiO2 or doped TiO2 since nanocrystals synthesized are of high 

purity at even low temperatures [Mogal et al., 2013; Kim et al., 2008]. Yu et al. (2007) 

analyzed degradation efficiency of nitrogen doped TiO2 prepared by sol gel method at the 

calcinations temperature ranging from 300–700
o
C and found that maximum dye degradation 

of 98% was attained with catalyst calcined at 500
o
C.  

Gurkan et al. (2012) studied photocatalytic degradation of Cefazolin using N-doped 

TiO2 synthesized by wet impregnation method and reported 76% degradation in 90 mins of 

irradiation. Hayder et al. (2012) analyzed degradation of Ofloxacin using Ag-TiO2 prepared 

by Liquid Impregnation Method and observed 90% degradation in 120 mins of irradiations. 

Shokri et al. (2013) studied photocatalytic degradation of Chloramphenicol by synthesizing 

Ag-TiO2 using photo deposition method and reported 88% reduction in TOC after 120 mins 

of irradiations. Hossaini et al.(2014) reported 96.3% degradation of Dizinon by modification 

of TiO2 by mix-doping with metal (Fe) and non-metal (F,N,S) elements (FeFNS-doped TiO2)  

in presence of UV LED in 100 minutes of irradiation exposure. It was indicated that 

synthesized Fe
3+ 

doped TiO2 elongate its absorption wavelength to 500 nm and exist in 

trivalent ionic state replacing Ti
4+

 in TiO2 lattice. Asiltürk et al. (2009) stated that the 

crystallite size and the particle size of the Fe
3+ 

doped TiO2 were lesser than that of undoped-

TiO2, which could indicate that the occurrence of Fe
3+

 in the reaction might be used to 

regulate the particle and crystallite sizes of the oxides. Cu doped ZnO prepared by 

precipitation method and Ni doped TiO2 prepared by liquid phase deposition for degradation 

of organic compounds showed that degradation efficiency increased with increase in amount 

of dopant [Begum et al., 2008; Milenova et al., 2013] 

2.4 GRAPHENE BASED COMPOSITES 

In order to enhance the photocatalytic effectiveness, composites consisting of 

carbonaceous materials have been studied. Composite of graphene and TiO2 / ZnO have 

shown valuable increase of photocatalytic activity because of the property of the graphene 

that it can result in charge separation and performed effectively when employed as an 

electron carrier in hybrid materials. [Zhang et al., 2010; Kim et al., 2012; Ng et al., 2011] 
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Ashkarran et al. (2015) studied photocatalytic degradation of methyl orange and 

phenol red using graphene ZnO composite prepared by combination of improved hummer 

and arc discharge methods in liquidand found a major enhancement in degradation of parent 

compounds. Zhang et al. (2010) synthesized a graphene-TiO2 composite and stated 

enhancement in the photocatalytic activity for the removal of methylene blue. Most lately, it 

has been revealed that TiO2-graphene express an improvement of photocatalytic activity for 

removing methylene blue in an aqueous solution. Numerous graphene−semiconductor 

combinations have been reported [Zhang et al., 2010, Liang et al., 2010, Fan et al., 2011, 

Zhang et al., 2011] by means of either surfactant aided growth or simple physical mixing of 

pre synthesized nanoparticles and graphene.  

Photocatalytic degradation of Tetracycline was carried out using CdS/ ZnS-RGO 

heterostructure nanoparticles under visible light and 88% degradation has been observed in 

60 min [Tang et al., 2015]. Zhou et al. (2015) studied photocatalytic degradation of 

Tetracycline employing Alkaline earth ions- doped CdSe/rGO photocatalyst, resulting in 85% 

reduction of model compound under visible light. Tao et al. (2015) analyzed the 

photocatalytic degradation of acetaminophen using graphene/TiO2 nanotubes and observed 

95% degradation   of parent compound. Yu et al. (2015) studied photocatalytic degradation of 

Metoprolol by employing Ag- Bi2WO6- GO nanocomposite under solar irradiation and 

observed 100% elimination within 2h.  

2.5 PARAMETRIC OPTIMIZATION 

In a process which involve multiple responses, need optimization of the experimental 

conditions so as to produce desirable values for all variables to be considered simultaneously.  

 Degradation of various dyes has been studied using BBD technique by employing either 

TiO2 or ZnO and obtain upto 97% degradation with R
2
 value of more than 0.915 [Annadurai 

et al., 2000; Ay et al., 2009; Vaez et al., 2012; Chaibakhsh et al., 2015].Kansal et al. (2007a, 

2007b) carried out photocatalytic degradation of 2,4,6-trichlorophenol and catechol with P25 

TiO2 and found significant COD reduction at optimum process parameters (catalyst dose- 

1.1g/L, pH 4) and complete degradation of catechol at pH 6 with 2g/L TiO2 obtained by 

employing Response surface methodology. Kansal et al. (2009) attempted for photocatalytic 

degradation of 2,4 DCP under UV light using P25 TiO2 and sodium hypochlorite as oxidant 

by inculcating Box Behnken design for optimization of process parameters and found total 

abatement of model compound at optimum conditions. Ray et al. (2009) applied Box 

Behnken design to analyse photocatalytic degradation of phenol and study effect of four 
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different variables and attain maximum degradation rate of 0.083min
-1

 with 1g/L TiO2 for 

40ppm phenol concentration.  

 Zhang et al. (2010) applied experimental design methodology for degradation of 

chloramphenicol using TiO2 as photocatalyst and approached 85% degradation under 

optimum conditions with significant effect of pH on reaction. Tantriratna et al. (2011) 

investigated photocatalytic degradation of Paraquat by employing Box Behnken Design 

experimental method for optimization of process parameters using immobilized TiO2 and 

obtained 90% removal with 2g/L catalyst dose for 10ppm initial concentration. Sahoo et al. 

(2013) elaborated the application of response surface methodology for photocatalytic 

degradation of Thiazine Dye using Ag doped TiO2 and observed 96% degradation at 

optimum dose of 1.97g/L of photocatalyst by employing BBD method. Singh et al. (2014) 

assessed the  photocatalytic degradation of aqueous solution of Acrylonitrile using ZnO as 

photocatalyst and H2O2 as oxidant under UV light and attained 89% of degradation efficiency 

under optimum conditions of pH, catalyst dose and oxidant concentration as suggested by 

BBD Technique. 

2.6 IMMOBILIZATION OF PHOTOCATALYST 

In order to eliminate the step of separation of catalyst from the effluent after 

treatment, catalyst needs to be immobilized on some inert surface. Different techniques for 

immobilization such as chemical vapour deposition, slip coating [Djafer et al., 2012], dip 

coating [Djafer et al., 2012], film casting [Damodar et al., 2009], electrospinning [Liu et al., 

2012; Bedford et al., 2012] and dip-evaporation has been employed to attain the 

immobilization of TiO2 on substrates. 

Amongst numerous approaches, the solgel method has been extensively employed 

because of advantage of low cost and an easiness to apply to a different sizes and forms of the 

substrates. Sol gel method comprises the distribution of suspended particles in Brownian 

motion in substrate solution. The suspensions of particles of catalyst get transformed to 

viscous gels and finally to solid materials by the sol–gel treatment [Hench, 1990].  

 Laoufi et al. (2013) reported photocatalytic degradation of Tylosin onto P25 TiO2 

catalyst immobilised on glass substrate by dip coating technique and found 98% degradation 

after 7h under UV irradiations. Koutantoua et al. (2013) investigated the photocatalytic 

degradation of synthetic Estrogen 17-ethynylestradiol (EE2), using  ZnO catalyst 

immobilized on glass plate with dip coating method and reported 80% conversion in 90 mins.  

Similar to slurry mode experiments, there also prevails an optimal catalyst 

concentration for immobilized system [Mehrotra et al., 2003]. Ray and Beenackers. (1997) 
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reported the effect of thickness of layer of catalyst for immobilized system for the 

photocatalytic degradation of dye. Similarly, Chen et al. (2000b) analyse of the effect of mass 

transfer and catalyst layer thickness on photocatalytic degradation rate. Immobilization of 

TiO2 on different adsorbents was carried out to analyse degradation of orange II dye with 

catalyst loading varying from 10-80% and it was observed that overall removal efficiency was 

better by immobilized TiO2 adsorbed on adsorbent than that of bare TiO2 produced by the sol–gel 

method and commercial catalyst, Degussa-P25 [Bhattacharyya et al., 2004] 

For degradation of organic pollutants different type of support materials can be 

employed such as glass, carbon, and woven cloths fibres [Pozzo et al., 1997]. Glass is mostly 

used as rigid support for the immobilization of TiO2 [Zhuang et al., 2010; Pelentridou et al., 

2009]. The prime benefit of using glass substrate is the transparency in the whole treatment 

process even after the immobilization which results in improved photocatalytic rate. Chen et 

al. (2000b) reported an immobilization of TiO2 on glass using non-ionic surfactant templated 

by the dip coating technique. Surfactant has been used so as to get uniform and crack free 

TiO2 surface with mesoporosity to the calcined glass TiO2 films. The catalyst can be 

recovered by [Ibanez et al., 2003] cross-flow filtration [Doll and Frimmel, 2005] or other 

membrane filtrations [Zhao et al., 2002; Zhang et al., 2008a]. Coupling of coagulation with 

the microfiltration (MF) reported the recovery of the residual 3% of the catalyst particles for 

reprocess [Malato et al., 2009]. Even with membrane integration process, various functional 

issues with slurry TiO2 still persist. These include the types of membrane, pore size, 

blockage, back washing and fouling [Lee et al., 2001; Molinari et al., 2002]. Large surface 

area to volume ratio can be achieved with nanosize TiO2 catalyst and it also enhance the 

effective charge separation and trapping of charges at the surface [Nagaveni et al., 2004a, b]. 

No doubt that the physical and chemical properties of nanoscale TiO2 catalysts get enhanced 

significantly, but size of the particle and its morphology are the major matter of concern in a 

pilot scale water treatment process [Byrne et al., 1998b; Yu et al., 2002].  

 Problem of mass transfer can be fixed using nanofibers, nanowires or nanorods, due 

to their thin longitudinal structure. However, an advantage of using nano fibres is that they 

can be designed into MF, ultrafiltration (UF) and photocatalytic membranes (PMs). Zhang 

and co-workers explained the commercial accomplishment of synthesized MF and UF 

membranes [Zhang et al., 2008a, b].  

Due to cost effectiveness and the high adsorption capacity, natural clays have been 

used widely in immobilization as support. No doubt that clays are catalytically inactive, but 

their increased adsorption capacity has been enhancing the surface contact during 

http://www.sciencedirect.com/science/article/pii/S0920586104005152
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photocatalysis reaction. It was anticipated that to immobilise TiO2,natural clays should not be 

employed because of the presence of different impurities bounded to lattice that interact and 

alter the catalyst efficiency of the immobilised layer [Chong et al., 2009].  Photocatalytic 

degradation of drugs such as Ibuprofen, Atenolol and Carbamazepine has been conducted 

using immobilized TiO2 with alginate beads by impregnation technique [Sarkar et al., 2015]. 

2.7 INTEGRATION OF PHOTOCATALYTIC AND BIOLOGICAL PROCESSES 

Pharmaceuticals are considered as harmful pollutant among various emerging 

contaminants because they have endocrine disrupting properties. Biological treatment has 

lower operating cost compared to other alternatives because microorganisms that are already 

present in wastewater treatment feed on the complex substances in the wastewater, and 

converting them into simpler substances. On the basis of type of wastewater, compound 

involved and its concentrations, the integration of AOPs and biological processes could be 

considered in various alignments. In order to enhance the biodegradability and to detoxify 

effluents containing such compounds, coupling of AOPs with various other treatments such 

as with AOPs have been considered [Coleman et al., 2005; Belgiorno  et al., 2007; Naddeo  et 

al., 2010]. In general, the removal efficiency of pharmaceutical compounds could be 

improved by coupling the biological treatment with advanced oxidation technologies (AOTs) 

such as ozonation, Fenton process and photocatalyst treatments [Klavarioti et al., 2009]. 

Bandara et al. (1997) employed photo Fenton as pretreatment method followed by biological 

method for the removal of paranitrotoluene-ortho-sulfonic acid. The intermediary formed in 

the photocatalytic treatments were identified as biodegradable. Horsch et al. (2003) studied 

degradation of stilbene-based fluorescent whitening agents by combination of advanced 

oxidation and biodegradation processes. AOPs boost the biodegradability of low 

biodegradable of such wastewater generally by reducing the COD load [Aye et al., 2004; 

Tabrizi et al., 2004]. Reddy et al. (2004) assessed degradation of Pyrazinamide drug by 

employing photocatalysis using TiO2 as photocatalyst followed by biological treatment and 

found 91% removal of COD in 44h of treatment. Similarly, Pretreatment by photocatalysis 

can be employed to enhance the biodegradability of pollutants and also to reduce its toxicity 

[Auzay et al., 2007].Similar concern arises from the study of Oller et al. (2007), showing the 

degradation of α-methylphenylglycine at pilot scale, by combining Fenton process with a 

biological reactor. In this study, the degradation attained by the combined process was 

assessed in terms of DOC and was perceived to reach values up to 95%. Degradation of α-

methylphenylglycine, Alachlor, Atrazine, Chlorfenvinphos, Diuron, Isoproturon using photo 

fenton along with biological treatment showed 90% degradation of compound [Oller et al., 
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2007; Lapertot et al., 2007]. Sangave et al. (2007) assessed the efficacy of a combination of 

US/ozone treatment in refining the aerobic degradation of distillery wastewater and reported 

a COD reduction up to 45%. Integrated method having ozonation as pre-treatment before 

biological processing of distillery wastewater resulted in around 79% removal of pollutants, 

compared to 35% COD removal without ozonated treatment. Varatharajan et al. (2007) 

investigated the treatability of wastewater from a pharmaceutical industry by combined solar 

photofenton oxidation and activated sludge process and obtain BOD and COD removal of 93 

and 95 %, respectively. 

Sirtori et al. (2009) assessed the efficiency of photofenton process biological 

treatment for degradation of Nalidixic acid and attain 95% degradation of which 33% 

correspond to the solar photochemical process (190 min) and 62% to the biological treatment. 

Fenton reaction sequential with membrane bioreactor (MBR) was employed for the treatment 

of the waste water from an integrated dyeing wastewater treatment plant and biodegradability 

was assessed, both after coupling Fenton with MBR system and the Fenton treatment alone 

[Feng et al., 2010]. The sequential photocatalytic/biological treatment of a contaminated 

groundwater from a local industrial site was studied using a corrugated plate photoreactor and 

observed that optimal pretreatment time of Photocatalysis significantly enhance the extent of 

biological nitrification [Zhang et al., 2002]. Yahiat et al. (2011) studied degradation of 

Tetracycline and Tylosin by employing photocatalysis as pretreatment followed by activated 

sludge process resulting in significant decrease in COD. Integrated biological and advanced 

oxidation process employing TiO2 has been evaluated forthe degradation of Carbamazepine 

(CBZ) drug which showed 95% removal of CBZ [Laera et al., 2011]. 

The effect of coupling of AOP and biological treatment has been studied on 

degradation of wastewater from chemical process industries by applying Fenton treatment 

along with varied concentration of H2O2. Similarly effect of integration of biological and 

photocatalytic processes for degradation of bio-recalcitrant compounds from pulp and paper 

mill effluent has been investigated and sequential treatment was found to possess higher 

degradation efficiency than the independent treatments [Dhir et al., 2011]. Kumar et al. 

(2012) treated the pharmaceutical waste water by coupling photo-Fenton process with an 

aerobic sequential batch reactor (SBR) and obtain 90% COD removal after 60min of 

photocatalytic treatment at optimum conditions followed by biological treatment.Degradation 

of Atenolol by coupling of AOP and biological treatment showed 66% reduction in COD in 4 

h [Hussain et al., 2013].  
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2.8. RATIONALE FOR STUDY 

Although the homogeneous and heterogeneous photocatalytic processes have been widely 

recognized for the degradation of model compounds and wastewater from pharmaceutical 

industry but the applicability of this technology is still lacking. The literature on this aspect 

reveals the following technological gaps. 

a) The treatment of pharmaceutical industry effluents remains a challenge for the 

environmentalist because of its high COD loading and the presence of bio-recalcitrant 

compounds.  

b) Biological processes which include activated sludge process have been employed in 

the degradation of pharmaceuticals from sewage/ industrial effluents and reported to 

be inefficient even with longer retention time. 

c) AOP’s are expensive due to high electrical energy demand for production of photons 

and the consumption of chemical reagents. In order to make the process cost and 

energy effective.  

d) In case of photocatalytic processes, the recover and reusability of photocatalyst from 

the aqueous suspension is another associated problem and further research on 

immobilization of catalyst needs to be explored further.  

e) Electron hole recombination is the major problem associated with photocatalysis 

which needs to be addressed. 

f) Use of doped photocatalysts for the treatment of pharmaceutical compounds under 

solar irradiation need to be investigated.  

g) Further, composites consisting of carbonaceous materials have not been extensively 

studied for the photocatalytic degradation of pharmaceuticals. 

h) There are limited reports that exist on the integrated photocatalytic-biological 

treatment of pharmaceutical compounds present in wastewater so further study is 

required in this direction. 

i) To the best of our knowledge, no report manifests the integration of solar assistive 

photocatalytic processes in the existing biological treatment for the degradation of 

pharmaceuticals simulated effluents. 

 

Keeping these observations in mind, the present study is focused on the photocatalytic 

degradation of commonly used pharmaceuticals with commercial (P25 TiO2) and doped 

(such as Fe, Bi, Ni, Bi-Ni co-doped) TiO2under UV/solar irradiations at optimized conditions. 

Additionally, Graphene based TiO2/ZnO composites were also synthesized and their efficacy 
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was assessed in comparison to P25 TiO2/ZnO for the degradation of Atenolol under solar 

irradiations. To overcome the problem of separation of catalyst after photocatalysis, activity 

of the synthesized composite(TiO2-G) was also analyzed under immobilized mode. 

Moreover, parametric optimization of composite in slurry and immobilized mode was carried 

out using BBD. Finally, integrated treatment involving sequential photocatalytic-biological 

processwas employed for the degradation of simulated pharmaceutical effluents and optimal 

time required in each process of the integrated treatment was assessed.  
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3.0 MATERIALS AND METHODS 

 

This chapter includes all the chemicals and reagents required for photocatalytic 

degradation of model compounds and simulated effluent. The experimental methodologies 

applied for synthesis and immobilization of catalyst has been discussed. Further the various 

reactor systems employed in the study has been elaborated.  

3.1 MATERIALS 

In order to carry out degradation of model compounds and synthesis of doped 

photocatalyst/ composites, various chemical and reagents have been procured and used as 

given below:  

3.1.1 Chemicals 

Model compounds such as Aspirin, Ibuprofen, Ofloxacin and Atenolol were procured 

from Sigma Aldrich, USA and used as such without further purification. Sodium acetate, 

methanol, potassium dihydrogen phosphate and sodium chloride employed in making 

simulated effluent were also procured from Sigma Aldrich. Ferrous Nitrate (Fe (NO3) 5H2O), 

Bismuth Nitrate (Bi (NO3) 5H2O) and Nickel Nitrate (Ni (NO3) 5H2O) used as dopants were 

procured from Merck. Titanium Isopropoxide, Acetylacetone, Ethanol, acetonitrile (HPLC 

grade), methanol (HPLC grade), ortho-phosphoric acid, acetone and phosphate buffer were 

also purchased from Merck. Hydrochloric acid (HCI) and Sodium hydroxide (NaOH) were 

obtained from HD Fine chemicals, India. Double distilled water was used for preparation of 

solutions. 

3.1.2 Photocatalyst  

Titania P-25 (surface area 50 m
2
/g and average particle size 30 nm) was obtained 

from P25, Germany and was used as received. ZnO (5 m
2
/g) was purchased from Merck, 

Germany and were used as such. Graphene oxide was procured from University of Waterloo, 

Canada. 

3.1.3 Sludge sample 

Fresh Activated sludge was procured from waste water treatment plant, Kipps lane, 

London, Ontario, Canada and was used as such in experiments. Sludge sample was added in 

different percentage of 2% (20ml), 5% (50ml), 10% (100ml) &15% (150ml) in 1000ml of 

simulated effluent. 

3.2PHOTOCATALYTIC REACTORS 

Various reactors employed in the photocatalytic degradation of pharmaceutical 

compounds & effluents have been listed below: 
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3.2.1 UV reactor 

The UV reactor (rectangular) was made up of cast iron sheets with wooden roof 

equipped with seven UV tubes of 36W (Philips) each having wavelength of 365 nm (Fig 3.1). 

Maximum UV intensity was found to be 5-10 W/m
2
 at the middle of the UV reactor and all 

experiments were performed at this UV intensity. The photon flux was approximately 0.625 

W. The intensity of light was measured with help of radiometer (EPPLEY, USA). 

 

Fig 3.1 Schematic representation of UV reactor 

3.2.2 UV LED reactor 

The reactor having UV-LED as an irradiation source was made up of wood with 

dimensions of 45”×28”×28” and inner lining of cast iron which absorbs excessive heat. The 

reactor was divided into three chambers using sliding cast iron sheets (Fig 3.2). The whole 

chamber was painted black from inner side. The chamber used in this study consists of 10 

watts UV LED (wavelength of 365nm). 

 

Fig 3.2 Diagrammatic representation of LED Reactor chamber 
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3.2.3 Swirl flow reactor  

The swirl flow reactor having two spherical glass plates (each of diameter 0.09 m) 

were sited between soft padding held within stainless steel and aluminium casing parted by 

0.01 m distance (Fig. 3.3). The catalyst was immobilized on the top side of the bottom glass 

plate. The solution of model compound was allowed to flow tangentially within the reactor. 

This reactor was placed inside wooden box having lamp and fan to guard the lamp from 

overheating.  The lamp (Sylvania-Mercury vapour lamp: 175W) was placed at a distance of 

0.1 m from the bottom glass plate on a holder. Facility was made for employing metal screens 

of diverse mesh size among the lamp and bottom glass plate to attain different light 

intensities. Complete experimental set-up consists of swirl flow reactor illuminated with UV 

light, pump, air sparger and storage tank of 1 L capacity with provisions for stirring as shown 

in Fig. 3.4. Reactor was operated in recycle mode at a flowrate of 1.15 × 10−5 m
3
/s. Same 

set-up with similar conditions was used for slurry mode experiments without coating 

photocatalyst on the glass plates of swirl flow reactor. 

 

Fig 3.3 Swirl Flow Reactor 
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Fig 3.4 Schematic diagram of the experimental setup consisting of swirl flow reactor 

3.2.4 Solar simulator 

Simulated air mass (AM) 1.5 solar light was generated using a solar simulator (model 

SS1KW, Science tech, Ontario, Canada, with a 1000 W Xe arc lamp and an AM 1.5G filter) 

as shown in Fig 3.5.  

 

Fig 3.5 Solar simulator 

 

3.2.5 Biological reactor 

Reactor system to carry out aerobic biological reaction (Fig 3.6) was a fully mixed 

bench scale reactor with a constant temperature water circulator and monitoring device for 

temperature. The working volume of the reactor was 1000mg/L.  
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Fig 3.6 Schematic Diagram of Biological Reactor 

 

 

3.3 METHODS 

In order to study photocatalytic degradation, aqueous solution of various 

pharmaceutical compound were prepared. Aspirin (25ppm) was prepared by adding 25mg of 

Aspirin in 1000ml distilled water and was allowed to undergo mixing for 24h at 500rpm. 

Similarly Ibuprofen and Ofloxacin solution (25ppm) were prepared by pouring 25mg of 

compound in 1000ml distilled water taken in volumetric flask and were stirred overnight for 

uniform mixing. Atenolol (5-30ppm) was prepared by adding 5-30mg in 1000ml of distilled 

water under continuous stirring for 24h, so as to obtain homogeneous solution of model 

compound. The pH of prepared solution was measured using Thermo Orion 920A pH meter. 

Various doped photocatalysts and Graphene based composites were synthesized using sol gel 

and hydrothermal methods, respectively. 

3.3.1 Preparation of doped TiO2 

Doped TiO2 photocatalyst were prepared using sol gel method as shown in Fig. 3.7 

with Titanium isopropoxide (TIP) as precursor. 2.5 mL of TIP was added drop by drop to a 

solution of 10 mL ethanol and 2.5 mL acetylacetone at room temperature and stirred for 30 

minutes. Then 2 mL distilled water was added to above solution and pH was adjusted to 1.8 

with 1 N HCl. Predetermined amount of dopant ions (such as Fe (NO3) 5H2O, Bi (NO3) 5H2O 

or Ni (NO3) 5H2O) were added in proportion of 0.25, 0.50 and 1.0wt% into prepared solution 

so as to synthesizedoped catalyst of different concentration and a stable sol was finally 

obtained after stirring for 2 h. Then concentrated solution was placed at 90°C for drying and 
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dried powder was calcined at 400°C for 2 h. In case of Bi-Ni co-doped TiO2, equal 

proportion of Bi and Ni were added to make catalyst of different dopant concentrations (0.25, 

0.50 and 1.0wt %).  

 

Fig 3.7 Synthesis of doped TiO2 catalyst 

 

3.3.2Preparation of graphene-TiO2 

To obtain graphene TiO2/ZnO composite, 2 mg of GO was added to a solution of 

water and ethanol (2:1) followed by 1 h ultrasonic treatment as shown in Fig 3.8. Thereafter, 

200mg of TiO2/ ZnOwas added and furthersolution was allowed to stir for 2 h. The mixture 

was then transferred to a Teflon-lined autoclave, and then the hydrothermal process was 

performed for 3h at 120 °C. During this process, GO was reduced to graphene and 

concurrently the deposition of TiO2/ZnOoccurred. The obtained composites were centrifuged 

using Thermo scientific (D-37520) 8×2000ml swinging bucket rotor, further rinsed with 

deionized water, and vacuum-dried at 60°C. The prepared samples are denoted as TiO2-G/ 

ZnO-G. 
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Fig 3.8 Synthesis of Graphene- TiO2/ZnOcomposite 

 

3.4 CHARACTERIZATION OF SYNTHESIZED CATALYST 

The synthesized photocatalytic materials were analyzed for band gap, structure, 

morphology, crystallinity and surface area so as to compare its properties with commercially 

available photocatalytic materials. 

3.4.1 Band gap 

The band gap generally refers to the energy difference (in electron volts) between the 

top of the valence band and the bottom of the conduction band in insulators and 

semiconductors. For the evaluation of band gap energy of photocatalyst, UV-VIS 

spectrophotometry (Hitachi, U3900H) equipped with diffuse reflectance accessory was used 

in powder form for analysis.  

3.4.2 Structure and morphology of synthesized catalyst 

To study structure and morphology of the photocatalysts, the Scanning electron 

microscope (SEM, Hitachi-S-3400N)) unit was operated at 15 kV of accelerating voltage and 

SEM photographs were taken at resolution of 20000X. 

3.4.3 Crystalline size 

The average crystallite size of photocatalysts was calculated using the following 

Scherrer Equation (Eq. 3.1) [Tian et al., 2009].  

(Eq. 3.1) 
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Where K is a coefficient = 0.9, λ = 0.1541 nm, B (in radian, r=θ/57.27 ) is the full width half 

maximum (FWHM) of the catalyst and θ is the diffraction angle. 

3.4.4 Crystallinity 

The nature of the nano photocatalyst in terms of its crystallinity and determination of 

lattice points was determined using XRD (Phillips diffractometer) over the 2θ collection 

range of 20-100°. The accelerating voltage of 40 kV, emission current of 30 mA and the 

scanning speed of 4.4 counts per second were used. 

3.4.5 Surface area 

The BET surface area of samples was analyzed by N2 adsorption analyser 

(NOVA2000e) USA in which combustion of sample was done at 450°C employing pressure 

of gas carrier (N2) at 0.016mmHg. 

3.5 MODE OF EXPERIMENTS 

Photocatalytic degradation of various model compounds was analyzed under different 

mode of experiments, which are listed below: 

3.5.1 Adsorption experiments 

Adsorption study was done so as to assess the reduction in concentration of model 

compound solely by adsorption phenomenon on the surface of photocatalyst. Experiments 

were conducted in the presence of catalyst without light under immobilized mode. The initial 

concentration of Atenolol was varied as 10, 20 and 30mg/L and reaction was allowed to take 

place for 1 h.The concentration of model compound adsorbed on the surface was calculated 

from the difference between the initial and final concentrations measured through 

spectrophotometric technique.  

3.5.2 Slurry mode experiments 

Photocatalytic degradation experiments were carried out in UV chamber using Pyrex 

glass reactor units as shown in Fig 3.1. In each set of experiments, 150 mL aqueous 

compound solution was kept in the glass reactor and mixed with pre-determined quantity of 

photocatalyst (0.5-2.0g/L). This slurry was agitated with a magnetic stirrer and aerated with 

sparger. 5 mL of aliquot was pipetted out after regular interval from the reactor and was 

filtered to take apart the catalyst. The UV absorbance spectrum of the sample was taken to 

determine the degradation of model compound. Further TOC analysis were done to evaluate 

the reduction in organic content. 

3.5.3 Immobilized mode experiments 

In order to obtain immobilization of catalyst on surface of glass plates Dip coating 

technique(as shown in Fig 3.9) was employed.In this method,Pyrex glass was used which was 
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roughened by sand blasting,so that catalyst binding can be strong. The glass surface was 

further degreased, and washed with 5% HNO3 solution followed by washing with water and 

then finally dried at 393 K. catalyst suspension of 10% was prepared with Milli-Q water in an 

Ultrasonicator (Fisher Scientific; model F560) for 30 min so as to obtain a milky suspension. 

Then catalyst was coated on glass surface by inserting into the suspension and taking it out 

slowly by Dip-Coating technique (Ray and Beenackers, 1998a). The glass plate coated with 

catalyst was allowed to dry at 393 K for 30 min and thereafter calcined in a furnace for 3 h 

(Thermo scientific: model no. F30430CM) in a vertical position by raising the temperature 

gradually to 573K (to avoid cracking of the film). Then, the glass plate was allowed to cool 

down to room temperature. 

Immobilized mode experiments were conducted in an experiment set up shown in Fig 

3.4 and its efficiency was compared with slurry mode using same setup. The solution of 

model compound was allowed to flow tangentially within the swirl flow reactor with help of 

peristaltic pump and allowed to exit from the centre of the top plate. Flow rate during recycle 

was1.15 × 10
−5

 m
3
/s, for both immobilized and slurry mode. 

 

Fig 3.9 Immobilization of photocatalyst by Dip coating method 

 

3.5.4 Degradation assessment  

The degradation of the models compounds was assessed by monitoring absorbance as 

a function of irradiation time using spectrophotometer (Hitachi V-500UV/Vis) Japan, in the 
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wavelength associated with the concerned compound. The degradation efficiency was 

calculated as follows: 

Degradation Efficiency (%) =                   (Eq. 3.2) 

Where C0 is initial concentration of solution and C is concentration of solution after photo 

irradiation as shown in Eq 3.2. The experimental matrix was developed by varying the dose 

of photocatalysts, pH of the solution, concentration of oxidant and initial concentration of 

substrate. TOC reduction was evaluated in order to track its degradation.  

HPLC was performed using Shimadzu UV/VIS Diode array detector (SPD-M20A) and 

Shimadzu LC-20AD pumps with 20µL sample loop. The flow rate was set to 1 mL/min using 

C18 column with solvent system water/Acetonitrile (85/15) taking absorbance at 254 nm.  

3.5.5 Parametric optimization 

The photocatalytic degradation of Atenolol was optimized at each design point of the 

four factors (pH, catalyst concentration, substrate concentration, Intensity) using three level 

Box Benkhen design (BBD).Design expert 9.0.0 was employed to use BBD. The factors and 

the experimental levels for each factor were selected based on literature values, available 

resources and results from preliminary experiments. The maximum and minimum levels of 

TiO2-G concentrations were determined by preliminary experimental study. Considering this 

design, 29 set of experiments were performed. The remaining Atenolol concentration was 

determined at regular interval and data were used to calculate the degradation rate constant 

(min
-1

). The quadratic model described by Eq (3.3) was assessed for the experimental 

response. 

 

K= ao+ a1 (pH) +a2 (catalyst %) +a3 (substrate concentration) + a4 (Light Intensity) + a5 

(pH) (catalyst %) + a6 (pH) (substrate concentration) + a7 (pH) (Light Intensity) +a8 

(catalyst %) (Substrate concentration) + a9 (catalyst %) (Light Intensity) + a10 (substrate 

concentration) (Light Intensity) + a11 (pH)
 2

 + a12 (catalyst dose)
 2 

+ a13 (substrate 

concentration)
 2 

a13 (Light Intensity)
 2

                                                     ….(Eq.3.3) 

 

Analysis of variance (ANOVA) was used to statistically analyse the experimental data for 

estimation of rate of reaction. Adequate precision measures the signal to noise ratio and ratio 

greater than 4 is desirable. 
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3.6 INTEGRATIION OF PHOTOCATALYSIS AND BIOLOGICAL TREATMENT 

Simulated pharmaceutical effluent was prepared by dissolving Sodium acetate 

(16.3g), methanol (11.8g), potassium dihydrogen phosphate (11.7g) and Ammonium chloride 

(9.48g) in 1000ml distilled water and Atenolol (10ppm) was added as model pharmaceutical 

compound. Simulated effluents was subjected to independent solar induced photocatalytic, 

biological as well as sequential photocatalytic-biological (Photo+Bio) treatments. 

Photocatalytic experiments were carried out in slurry mode in specially designed glass 

reaction vessels placed in solar simulator (Fig. 3.4). In order to optimize the time of 

photocatalytic process, the experiment was carried under solar simulator for different time 

duration ranging from 0.5-5.0h in which the dose of TiO2 was kept at 1.5g/l (optimum) 

determined through pre-conducted experiments. Aeration was facilitated through the aqueous 

suspension. At each time interval of 1h, aliquots were collected using syringe filter and 

degradation efficacy was assessed. All the tests were carried out in triplicate for 

reproducibility of results. 

For Biological experiments, 1000mL of effluent was taken and activated sludge was 

added in varying proportions (2-15%) at natural pH of 6.9. The flasks were incubated at 

different temperatures (20
o
C 27

o
C, 37

o
C) at 120 rpm for 48h to study the degradation of 

effluent. Samples (10 ml each) were drawn after every 3h and centrifuged at 10,000 rpm for 5 

min. at 27
o
C.  

Photocatalytic–biological (Photo+Bio) treatment was applied in order to evaluate the 

efficiency of the sequential treatment in comparison to independent treatments. In integrated 

approach, individual simulated effluent samples (1000ml) treated by photocatalysis under 

optimized conditions with time duration of 0.5 to 5.0 h was subjected to biological treatment 

upto 48h at 37
 o

C. For instance, 0.5 h of photocatalytic followed by 48 h of biological 

treatment; 1 h of photocatalytic and 48 h of biological treatment and so on. Sample was 

withdrawn after the application of photocatalytic as well as biological treatment for assessing 

the degradation of simulated effluent in terms of Biochemical Oxygen Demand (BOD) & 

Chemical Oxygen Demand (COD). Mineralization was also assessed in terms of Total 

Organic Carbon (TOC) for the optimized set of experiments. 

COD was measured by closed reflux method (spectrophotometric) using standard 

protocols [APHA, method 5220 C]. COD reactor (DRB 200) was used for digestion of 

samples. The intensity of the resultant coloured solution was measured by COD analyser 

(HACH, DR2800) against blank sample. BOD of the sample were analyzed by standard 

protocol [APHA, method 5201B] using HACH BOD meter (HQ40d multi). TOC of the 
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samples were analyzed using TOC Analyser (TOC-V control), Shimadzu SI-V, (UWO), 

which measures TOC intensity by measuring total carbon (TC) and the total inorganic carbon 

(TIC). 
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  4.0 RESULTS & DISCUSSION 

This chapter presents the results of photocatalytic degradation of various 

pharmaceuticals as model compounds using lab synthesized and commercial photocatalysts. 

Pharmaceutical compounds such as Aspirin, Ibuprofen, Ofloxacin and Atenolol were taken as 

model compounds. Various photocatalyst such as Iron doped TiO2, Bismuth doped TiO2, 

Nickel doped TiO2, Bismuth and Nicked co-doped TiO2 and TiO2/ZnO graphene composites 

were synthesized and their photocatalytic activity was assessed for the degradation of model 

compounds. Degradation of model compounds was assessed in terms of TOC, 

chromatographic studies (HPLC) and UV-Vis spectrophotometry. Simulated effluent was 

subjected to independent photocatalytic, biological and integrated treatment scheme 

(photocatalysis followed by biological treatment) and its degradation efficacy was assessed 

under various treatments. 

In order to make the process economical, the efficiency of solar light was evaluated in 

the heterogeneous photocatalysis. The application of photocatalyst in slurry mode is not 

suitable from industrial point of view because of the inconvenient and expensive separation 

of photocatalyst after treatment, so efficacy of the photocatalyst was also adjudged in 

immobilized mode.     

4.1 PHOTOCATALYTIC DEGRADATION OF ASPIRIN 

Aspirin, also known as acetylsalicylic acid (ASA), used to treat pain, fever, 

and inflammation. It is class of non-steroidal anti-inflammatory (NSAID’s) drugs. It has been 

reported that rate of hydrolysis of Aspirin to its metabolites is 4µg per minute in human urine 

at normal body temperature (Cham et al., 1982). Aspirin is produced and consumed in large 

amount, thereby increasing its concentration in waste water and surface/groundwater which 

affects the aquatic ecosystem (Liu et al., 2006). Aspirin is a white, crystalline, weakly acidic 

substance with dissociation constant (pKa) of 3.5. Chemical structure and physical properties 

of Aspirin are given in Table 4.1.  

Fe doped TiO2 (0.5 wt %) was prepared using sol gel method with Titanium 

isopropoxide (TIP) as precursor and Ferrous Nitrate as dopant as explained in Section 3.3.1 

and its characterization was done. Further, the photocatalytic degradation of Aspirin 

(25mg/L) was compared using Fe doped TiO2 and P25 TiO2 as photocatalyst in slurry mode 

under UV/solar irradiations.  

 

 

https://en.wikipedia.org/wiki/Analgesic
https://en.wikipedia.org/wiki/Inflammation
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Table 4.1 Physical properties and Chemical structure of Aspirin 

Name of compound Aspirin 

Synonym  Acetylsalicylic acid  

IUPAC 2(acetoxy) benzoic acid 

Molecular Formulae C9H8O4 

Molecular weight 180.157 g/mol 

Density 1.40 g/cm
3
 

Melting point 135°C 

Boiling point 140°C 

Lambda max 254nm 

Solubility in water 3 mg/ml 

Structure 

 

 

4.1.1 Characterization of Fe doped TiO2 

Fe doped TiO2 prepared using solgel method was characterized further to analyse 

various parameters such as particle size, surface morphology and surface area using XRD, 

SEM and BET, respectively. 

4.1.1.1 X-raydiffraction pattern 

It can be seen that the XRD of Fe doped TiO2 sample (Fig 4.1) almost coincides with 

that of P25 TiO2 and there is no diffraction peak due to metal ions species, thus depicting that 

the metal particles are well dispersed on TiO2 surface. It can also be observed that doping 

with metal ions does not disturb the crystal structure of anatase TiO2 indicating the metal 

dopants are placed on surface of crystal. Diffractions that are attributable to anatase TiO2 are 

clearly present in the calcined materials. 
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Figure 4.1. Typical XRD pattern of (a) Fe-doped TiO2 and (b) P25 TiO2 nanoparticles. 

 

4.1.1.2 SEM Analysis 

SEM image of Fe–TiO2 (Fig. 4.2(a)) indicates that the particles have spherical 

morphology and the presence of ferric ions on the surface of TiO2 is not uniform. The image 

also shows that Fe–TiO2 catalyst contains irregular particles which are the aggregation of tiny 

crystals. However, it cannot be ignored that some Fe particles are too small to be identified at 

the resolution of used microscope. EDS analysis presented in Figure 4.2(b) shows that 0.5% 

(by wt.) Fe–TiO2 contains 0.41% of Fe content. The SEM image of pure TiO2 shows that size 

of Titanium dioxide particles is even.  

 

 

 

Figure 4.2 (a) Typical SEM images of synthesized Fe-doped TiO2 nanoparticles 

(b) EDS spectrum of a synthesized Fe-doped TiO2 nanoparticles  

 

(a) 

(b) 
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4.1.1.3 BET surface area  

The surface area of Fe–TiO2 was determined using nitrogen gas adsorption method 

and was found to be 72 m
2
/g, which is higher than that of P25 TiO2. Fe doping prevent 

particle agglomeration and has an effect on the crystallization of TiO2, thus, forming well-

defined nanocrystalline particles with high surface area. With the integration of Fe dopants 

during the sol–gel preparation technique, there was crystal growth suppression, favouring the 

formation of smaller TiO2 crystallite. This effect may be due to the enhanced lattice strain in 

the doped TiO2 network. Furthermore, this higher surface area values may also be because of 

the removal of nitrate from the crystal during calcinations at temperature of 400°C. It 

increases the porosity of surface which ultimately increases the surface area of the doped 

TiO2 than undoped one.  

4.1.2 Effect of operating parameters 

The effect of process parameters viz. catalyst dose, pH, varying light source were 

assessed on the degradation efficiency of Aspirin using both catalyst (Fe-TiO2& P25 TiO2) as 

a function of time. 

4.1.2.1 Effect of pH 

The pH of the aqueous medium significantly influence the surface-charge properties 

of the photocatalysts and in turn governed the rate of photocatalytic reaction taking place on 

surface of semiconductor particle. The initial pH of the simulated Aspirin solution (25mg/L) 

was 4.6 and it was varied from 3 to 10 (Fig. 4.3) in order to assess its impact on the 

degradation efficiency. The maximum degradation of 48.0% and 72.0% was obtained at pH 6 

after 6 h of UV exposure (11.2W/m
2
) with Fe–TiO2 and P25 TiO2, respectively with 1.0g/L 

dose of either catalyst. pH of the treated solution was also analyzed every hour and it was 

observed that there was decrease in pH of treated solution every time. Decrease in solution 

pH was considered as an indication for the degradation of model compound. This behaviour 

may be attributed to the fact that variation in pH leads to alteration in properties of catalyst 

and aqueous solution, due to acid base equilibrium of hydroxyl radical. Tang et al.(1995) and 

Wang et al. (2000) also documented that there is a considerable dependence of the 

photocatalytic degradation efficiency on pH value, as the overall surface charge and hence 

the adsorptive properties of TiO2 particles depend robustly on solution pH. 
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Fig 4.3 Effect of pH on the degradation of Aspirin under UV irradiation 

(Initial concentration=25ppm, catalyst dose=1.0g/L) 

 

4.1.2.2 Effect of catalyst loading 

The effect of catalyst dose on the degradation was assessed by varying catalyst 

concentration from 0.5–2.0 g/L at pH 6 under UV irradiation. Figures 4.4 (a) and (b) shows 

the Aspirin degradation curves with different doses of catalyst for both Fe–TiO2 and P25 

TiO2 photocatalysts. Degradation increased with increasing catalyst loading up to 1 g/L with 

both photocatalysts, which may be attributed to the fact that the number of photons increase 

with increase in the number of catalyst molecules. Beyond 1g/L of catalyst dose, the 

degradation efficacy decreased which may be due to increase in the turbidity of the solution 

that hinder with penetration of light transmission.  

 

Fig 4.4 Effect of catalyst loading on degradation of Aspirin (a) P25 TiO2 and (b) Fe-

doped TiO2 nanoparticles (Initial concentration=25ppm, pH=6.0) 
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4.1.2.3 Variation of light sources 

The degradation efficiency of Aspirin solution (25 mg/L) was analyzed with Fe–TiO2 

and P25 TiO2 under optimized conditions (pH 6 and catalyst dose of 1.0g/L) using different 

light sources viz UV Tube, UV LED and solar light. P25 TiO2 mediated degradation 

efficiency was found to be 81.0 and 70.0 % (with UV LED (10W/m
2
)) and UV tubes (11.2 

W/m
2
), respectively. However, Fe–TiO2 photocatalyst resulted in58 and 48% degradation 

efficiency with UV LED and UV tube, respectively. Thus, higher degradation efficiency was 

observed with UV LED as light source at much lower power consumption, which would 

subsequently reduce the operational cost of photocatalytic processes. Under solar irradiations 

(30-35W/m
2
), Fe–TiO2 and P25 TiO2 showed 96.0 and 72.0% degradation, respectively 

under optimized conditions (Fig. 4.5). The better photocatalytic activity of by Fe– TiO2 under 

solar irradiations can be explained on the basis of higher absorption of light in visible region 

and secondly, iron being an acceptor impurity in doping of TiO2, acts as an electron trap and 

prevents the electron hole recombination. Zhu et al. (2004) also reported that Fe
3+

 doped TiO2 

extends its absorption to visible region, which leads to an enhanced photocatalytic activity 

under solar irradiations. 

 
Fig 4.5 Effect of light source on degradation efficiency of Aspirin 

(Initial concentration=25ppm, catalyst dose=1.0g/L, pH 6.0) 

 

4.1.3 Kinetic studies 

Kinetic studies for degradation of Aspirin (25 mg/L) with catalyst dose of 1 g/L at pH 

6 were carried out to find the reaction rate constant and order of reaction with Fe–TiO2 and 

P25 TiO2 under solar irradiations. The plot of ln C/C0 v/s time gave straight line as shown in 

Fig. 4.6 and the correlation constant was found to be 0.9618 and 0.9936 for P25 TiO2 and Fe–



46 
 

TiO2, respectively. Rate constant was calculated to be 0.275 and 1.0094min
-1

 for P25 TiO2 

and Fe–TiO2, respectively. The results revealed that photocatalytic degradation of model 

compound followed first order kinetics and significantly higher degradation was observed 

with Fe-TiO2 catalyst under optimized conditions. 

 

 

Fig 4.6 Kinetic analysis (a) P25 TiO2, and (b) Fe-doped TiO2 nanoparticles. 

(Initial concentration=25ppm, catalyst dose=1.0g/L, pH 6.0) 

 

4.1.4 HPLC studies 

HPLC technique was employed to assess the degradation of model compound as a 

function of time. Figure 4.7 shows the HPLC profiles recorded at 254 nm corresponding to 

the original Aspirin solution (25 mg/L) and after treatment upto 6 h with a gap of 1 h. 

Initially, strong peak was observed at retention time (tR) of 4.8 minutes which corresponds to 

that of Aspirin and it was observed that as the time of photocatalytic treatment increased, the 

peak diminished which confirms its degradation. 
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Fig 4.7 Time dependent HPLC studies of photocatalytically treated samples 

(Initial concentration=25ppm, catalyst dose=1.0g/L, pH 6.0) 

 

4.2 PHOTOCATALYTIC DEGRADATION OF IBUPROFEN  

Ibuprofen is a nonsteroidal anti-inflammatory drug (NSAID) used for treating fever, pain and 

inflammation.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 10 ng/L to 169 mg/L [Santos et al., 2007]. Sources of these contaminants are 

primarily the domestic wastewater due to excretion of non-metabolized drugs by animal or 

human urine and faeces. Properties & chemical structure of Ibuprofen is given in Table 4.2.  

Bi and Ni doped TiO2 (0.25-1.0 wt %) was prepared using sol gel method with 

Titanium isopropoxide (TIP) as precursor and Bismuth Nitrate and Nickel Nitrate as dopant 

as explained in Section 3.3.1 and its characterization was done. Further, the photocatalytic 

degradation of Ibuprofen (25mg/L) was assessed using Bi doped TiO2, Ni doped TiO2 and 

P25 TiO2 as photocatalyst in the presence of UV/solar irradiations.  

 

(a) 

(b) 

(c) 

(d) 

  (e) 

(f) 

(g) 

https://en.wikipedia.org/wiki/Nonsteroidal_anti-inflammatory_drug
https://en.wikipedia.org/wiki/Pain
https://en.wikipedia.org/wiki/Inflammation
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Table 4.2 Physical properties and Chemical structure of Ibuprofen 

Name of compound Ibuprofen 

Synonym  isobutylphenyl propionic acid 

IUPAC 2-(4-isobutylphenyl) propanoic acid 

CAS No. 15687-27-1 

Molecular Formulae C13H18O2 

Molecular weight 206.28082 g/mol 

Density 1.03 g/ml g/cm
3
 

Melting point 75 to 78 °C 

Boiling point 157 °C (315 °F) 

Lambda max 263.8nm 

Solubility in water 21 mg/L 

Structure 

 

 

4.2.1 Characterization of Bi and Ni doped TiO2 

Bi doped TiO2 and Ni doped TiO2 were characterized in order to determine particle size, 

morphology and surface area using XRD, SEM and BET, respectively. 

4.2.1.1 X-ray diffraction (XRD) 

XRD patterns were collected in monochromatic high-intensity in a 2θ range of 20–70° 

as shown in Fig. 4.8. No noteworthy shift in XRD peaks of Bi–TiO2 and Ni–TiO2 was 

observed when compared to P25 TiO2 indicating that Bi
3+

 did not move in the lattice to 

substitute Ti
4+

 particles. It may be due to higher radius of Bi
3+

 (1.03 Å) than that of Ti
4+

 (0.68 

Å). The bismuth in the TiO2 surface may increase the charge separation. Similar observation 

has been reported by Rengraj et al., 2006 and Xu et al., 2002 where doping of TiO2 with Bi 

did not show any substantial variation in peaks of XRD. The reason for stabilizing Ni doped 

TiO2 at lower levels has been credited to the almost similar ionic radius of Ni
+2

 (0.72 Å) to 

that of Ti+4 (0.68 Å), which was found to replace some portion of Ti
+4

 ions in TiO2 lattice 

[Wang et al., 2012; Braz et al., 2014].  

http://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C13H18O2&sort=mw&sort_dir=asc
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Fig 4.8 XRD pattern of synthesized (a) 0.25wt% Ni-TiO2 (b) 0.5wt% Ni-TiO2 (c) 

1.0wt% Ni-TiO2 (a
'
) 0.25wt% Bi-TiO2 (b

'
) 0.5wt% Bi-TiO2 (c

'
) 1.0wt% Bi-TiO2 

 

4.2.1.2 SEM analysis 

The morphology of doped photocatalysts has been depicted in Fig 4.9 which shows 

that particles have spherical shape and agglomeration had taken place. The EDS analysis of 

doped TiO2 showed significant presence of Ni and Bi in synthesized samples. The analytical 

(c) 
(c') 

(b) (b') 

(a) (a') 
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results from EDS are in realistic arrangement with 0.25– 1.0 wt% of Bi
3+ 

and Ni ions doped 

into TiO2. 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 0.25–1.0 wt% range 

of doped Bi–TiO2 and Ni–TiO2. From EDS analysis (Table 4.3), it has been observed that in 

0.25 wt% of Bi–TiO2 and Ni–TiO2, 0.21 and 0.19% of Bi and Ni ions were present, 

respectively. Similarly, variations were observed in 0.25–1.0 wt% of Bi–TiO2 and Ni–TiO2. 

 

 

Fig 4.9 SEM images of synthesized (a) 0.25wt% Ni-TiO2 (b) 0.5wt% Ni-TiO2 (c) 1.0wt% 

Ni-TiO2 (a') 0.25wt% Bi-TiO2 (b') 0.5wt% Bi-TiO2 (c') 1.0wt% Bi-TiO2 

 

 

(a) 

(b) 

(a') 

(b') 

(c) (c') 
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Table 4.3 EDS of various dopant concentration of Bi and Ni 

Bi-TiO2 Element Ni-TiO2 Element 

Dopant 

concentration 

(wt %) 

Bi O Ti Dopant 

concentration 

(wt %) 

Ni O Ti 

0.25 0.21 0.02 0.02 0.25 0.18 0.02 0.05 

0.50 0.43 0.03 0.04 0.50 0.36 0.5 0.9 

1.0 0.88 0.20 0.10 1.0 0.74 0.08 0.18 

 

4.2.1.3 BET surface area  

The number of active sites increasesdue to increase in surface area, which further 

promotes the separation efficiency of the electron–hole pair and subsequently, results in 

enhanced photocatalytic activity. Upon doping with 0.25 wt% Ni, the crystallite size was 

observed to be 13.84 nm and the surface area was 41.71 m
2
/g as shown in Table 4.4. As the 

dopant concentration was increased to 0.5 wt%, the crystallite size value decreased to 10.3 

nm and the surface area increased to 45.70 m
2
/g. These results suggest that TiO2 doped with 

Ni (<0.5 wt %) dopant concentration effectively inhibits TiO2 grain growth possibly by 

remaining at boundaries of the grain thereby, increasing the crystallite size and decreasing the 

surface area [Wang et al., 1999; Lin et al., 2006]. 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 0.25 wt%, leads to increase in 

crystalline size and decrease in surface area of synthesized catalyst. However in case of Bi–

TiO2, it was observed that the surface area and crystal size was found to be as 47.8 m
2
/g and 

12.4 nm, respectively for dopant concentration of 0.25 wt%. Further, by increasing the dopant 

concentration from 0.25 wt% to 1.0 wt%, the decrease in surface area and increase in 

crystalline size was observed which may likely decrease the photocatalytic activity as shown 

in Table 4.5 

Table 4.4 Crystalline size and surface area of Ni doped TiO2 

Ni (wt %) Crystalline size Surface area 

0.25 13.84nm 41.71 m
2
/g 

0.50 10.3nm 45.7 m
2
/g 

1.0 16.92nm 40.8m
2
/g 
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Table 4.5 Crystalline size and surface area of Bi doped TiO2 

Bi (wt %) Crystalline size Surface area 

0.25 12.4nm 47.8 m
2
/g 

0.50 13.67nm 43.4 m
2
/g 

1.0 15.6nm 42.1m
2
/g 

4.2.1.4 Band gap energy  

The UV–vis diffuse reflectance spectrum of Bi and Ni doped TiO2 are shown in Fig. 

4.10. It is evident from the results that the UV–vis diffuse reflectance spectrum gave distinct 

band gap absorption edges at 422 nm, 415 nm, 405 nm for 0.25, 0.50 and 1.0 wt% Bi doped 

TiO2, and 413 nm, 418 nm, 412 nm for 0.25, 0.50 and 1.0 wt% Ni doped TiO2, respectively. 

The corresponding band gap energies were found to be 2.99, 3.05 and 3.08 eV for 0.25, 0.50, 

and 1.0 wt % Bi–TiO2, respectively and 3.02, 2.99 and 3.03 eV for 0.25, 0.50 and 1.0 wt% Ni 

doped TiO2, respectively. At lowest concentration of Bi dopant (0.25wt %), there is 

maximum shift in absorption edge and hence, band gap energy is minimum. This may be 

attributed to the fact that when the dopant is in less amount, the metals ions get inserted into 

the lattice. Whereas, when the dopant is in excess quantity, Bi ions cannot enter the lattice 

ofTiO2 but covers the surface of TiO2 and leads to the creation of heterogeneity junction. So, 

Bi (0.25 wt %) photocatalysts has lower band gap energy (2.9 eV) when compared to other 

dopant concentrations. For Ni–TiO2 the minimum band gap energy of 2.9 eV was obtained 

with dopant concentration of 0.5 wt%. As the concentration of dopant is either increased or 

decreased from 0.5 wt%, increase in the value of band gap energy was noticed, which may be 

due to formation of layer of dopant over TiO2, hence, ions might not get inserted into lattice 

of TiO2. 

 

 

Fig 4.10 UV Diffuse reflectance spectrum of (a) Bi-TiO2 (b) Ni-TiO2 
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4.2.2 Photocatalytic degradation  

Photocatalytic degradation of Ibuprofen has been studied by employing Bi/Ni doped 

TiO2 and P25 TiO2.Effect of different process parameters viz. catalyst dose, pH, dopant 

concentration, type of catalyst were assessed for degradation of IBP in slurry mode under 

UV/ solar irradiations. 

4.2.2.1 Effect of pH 

In order to obtain baseline data with standard P25 TiO2, photocatalytic degradation of 

IBP (25ppm) was carried out in slurry mode under UV irradiation. pH of the IBP aqueous 

solution was varied from 3-10 using P25 TiO2 (2g/L) as photocatalyst. It was observed 

(Fig.4.11) 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 76.0% using 2g/L P25 TiO2 at pH 6.0. The pKa value of IBP is 4.4 and it is 

reported as weak acid. Therefore, at lower pH range, the surface of TiO2 will be positively 

charged as well as the carboxyl group of IBP and charge repulsion will be observed. At 

greater pH value, IBP and TiO2 both will be negatively charged. Enhanced conditions are 

expected at pH 6-7 for degradation of IBF using P25 TiO2 [Choina et al., 2013].   

 

Fig 4.11 Effect of variation of pH 

(Initial concentration=25ppm, catalyst dose=2.0g/L) 

 

4.2.2.2 Effect of catalyst dose 

Catalyst dose of P25 TiO2 was varied from 0.5-2.5g/L as shown in Fig 4.12. It was 

observed that increasing the concentration of catalyst from 0.5 to 2.5g/L, the degradation 

efficiency kept on increasing upto 2 g/L (76.0%), indicating the significance of available 

catalyst surface for degradation under UV irradiation. Further, increasing the catalyst 

concentration beyond 2g/L, the efficacy decreased directing that the optimal photons have 
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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). 

 

Fig 4.12 Effect of catalyst dose 

(Initial concentration=25ppm, pH 6.0) 

 

4.2.2.3Variation 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 TiO2 photocatalyst, but this effect is subtle to dopant concentration also. 

The photocatalytic degradation of IBP (25ppm) was assessed using lab synthesized Bi / Ni 

doped TiO2(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-TiO2 and Ni-TiO2. With 

(0.25wt %) Bi-TiO2 concentration, 89.0% of IBP degradation was observed in 6 h of solar 

irradiation, as shown in Fig 4.13 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- TiO2, the 

maximum degradation of 78.0% 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 
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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.  

 

Fig 4.13 Variation of dopant concentration (a) Bi (TiO2) (b) Ni (TiO2) 

(Initial concentration=25ppm, catalyst dose=2.0g/L, pH 6.0) 

 

4.2.2.4 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 lab synthesized Bi and Ni 

doped TiO2 with standard P25 TiO2, IBP was subjected to photocatalytic degradation at pH 6 

with catalyst dose of 2g/L under UV and solar irradiations. Maximum degradation of 89.0% 

has been achieved with Bi-TiO2 (0.25wt %) under solar irradiation as shown in Fig 4.14, 

while 50 and 74.0% degradation has been achieved with Ni-TiO2 and P25 TiO2, respectively, 

under similar conditions. The Bismuth in the TiO2 surface may enhance the charge separation 

and improves its photocatalytic activity. Thus, the orders of photocatalytic degradation of IBP 

followed by different catalyst has been observed as Bi-TiO2> P25 TiO2>Ni-TiO2. The cause 

for this enhancement has been timidly credited to the overpowering of recombination of 

electron-hole pairs on the surface of the TiO2 catalyst by low valence Bi ions. Literature also 

revealed that among numerous transition metal ion dopants, Bi appears to be efficient dopant 

as it enhanced the photocatalytic activity of some semiconductor photocatalyst [Begum et al., 

2008; Sreethawong et al., 2005].   
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Kinetic studies of degradation of IBP (25ppm) with catalyst dose of 2 g/L at pH 6 under 

solar irradiations indicate rate constant of 0.0064, 0.0046 and 0.0043min
-1

 for Bi–TiO2, P25 

TiO2 and Ni–TiO2, respectively with first order kinetics. 

 

Fig 4.14 Variation of type of catalyst 

(Initial concentration=25ppm, catalyst dose=2.0g/L, pH 6.0) 

 

4.2.3Comparison of Solar/UV as Light source 

Fig 4.15 shows the comparison of degradation of IBP in aqueous solution under 

UV/Solar irradiations. It was observed that under UV light the degradation was found to be 

76.0% with P25 TiO2 (2g/L) at pH 6 after 6 h of irradiations.The maximum degradation of 

89.0% was achieved with Bi-TiO2 as photocatalyst in 6h with dose of 2g/L at pH 6 under 

solar irradiations. With the same catalyst under UV light, only 48.0% 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. 
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Fig 4.15 Variation of type of light source 

(Initial concentration=25ppm, catalyst dose=2.0g/L, pH 6.0) 

 

4.3 PHOTOCATALYTIC DEGRADATION OF OFLOXACIN (OFL) 

Ofloxacin is a synthetic antibiotic of the fluoroquinolone drug class. It is on the WHO 

Model List of Essential Medicines, the most important medications needed in a basic health 

system [WHO, 2015]. Upto 80% ofdirected oral dose of OFL is excreatedas such within 48 

hours of dosing. In particular, OFL is known to continue in sludge-treated soils in 

concentrations of few milligrams to kilogram [Beausse et al., 2004] and has recently been 

characterized as a high hazard to the aquatic ecosystem [Langdon et al., 2010]. Chemical and 

physical properties of OFL are given in Table 4.6.  

Bi-Ni co-doped TiO2 (0.25-1.0wt %) was prepared using sol gel method with Titanium 

isopropoxide (TIP) as precursor and Bismuth Nitrate and Nickel Nitrate as dopant in equal 

composition as explained in Section 3.3.1 and its characterization was done. Further, the 

photocatalytic degradation of Ofloxacin (25mg/L) was compared using Bi-Ni co-doped TiO2 

and P25 TiO2 as photocatalyst under slurry mode in the presence of UV/solar irradiations.  

 

Table 4.6 Physical properties and Chemical structure of Ofloxacin 

Name of compound Ofloxacin 

IUPAC (RS)-7-fluoro-2-methyl-6-(4-methylpiperazin-1-yl)-10-

oxo-4-oxa-1-azatricyclo[7.3.1.05,13]trideca-5(13),6,8,11-

tetraene-11-carboxylic acid 

CAS No. 82419-36-1 

Molecular Formulae C18H20FN3O4 

Molecular weight 361.36 g/mol 

https://en.wikipedia.org/wiki/Antibiotic
https://en.wikipedia.org/wiki/Fluoroquinolone
https://en.wikipedia.org/wiki/WHO_Model_List_of_Essential_Medicines
https://en.wikipedia.org/wiki/WHO_Model_List_of_Essential_Medicines
https://en.wikipedia.org/wiki/Health_system
https://en.wikipedia.org/wiki/Health_system
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Density 1.48g/cm
3
 

Melting point 254°C 

Boiling point 571.5°C 

Lambda max 286.2nm 

Solubility in water 28.3mg/L 

Structure 

 

 

 

 

4.3.1 Characterization of Bi-Ni Co-doped TiO2 

Characterization of Bi-Ni Co-doped TiO2 was carried out to analyse various 

parameters such as particle size, surface morphology and surface area using XRD, SEM and 

BET, respectively. 

4.3.2 XRD Patterns 

All XRD spectra presented in Fig. 4.16 shows the peaks confirming anatase structure 

and it was observed that the prepared Bi–Ni co-doped photocatalyst consisted only of anatase 

and the doping would enhance the photocatalytic activity. Since Bismuth might get fused into 

the crystal structure of TiO2, which reduces the band gap of TiO2, and it enhances its usability 

in the visible region. Nickel is dispersed on the surface of TiO2, reduces the recombination of 

photogenerated electron–hole pairs, thus increases photo quantum efficiency. 
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Fig 4.16 XRD pattern of Bi-Ni co-doped TiO2 with different concentrations. 

 

4.3.1.2 SEM Analysis 

The SEM images were used to evaluate primary structure of doped TiO2. The 

morphology of the samples has been presented in Fig. 4.17. The photocatalysts are in the 

form of small agglomerates of crystals. The nanometer size of the particles resulted in an 

increase in surface area and a subsequent increase in the amount of photocatalytic reaction 

sites, that may enhances its photocatalytic activity. The EDS analysis of codoped TiO2 

showed significant presence of Ni and Bi ions in synthesized samples. The analytical results 

from EDS are in realistic arrangement with 0.25–1.0 wt% of Bi and Ni ions doped into TiO2. 

The elemental records of samples for Ti, O, Ni and Bi showed homogeneous distribution of 

elements in the 0.25–1.0 wt% range of Bi-Ni co-doped TiO2. From EDS analysis (Table 4.7), 

it has been observed that 0.25 wt% of Bi-Ni co-doped TiO2 contains 0.26, 3.04, 16.36 and 

80.33% of Bi, Ni, O and Ti ions, respectively and similarly for other dopant concentration. 

 



60 
 

 

 

Fig 4.17 SEM images of Bi-Ni co-doped TiO2 (a) 0.25wt% (b) 0.50wt% (c) 1.0wt% 

 

Table 4.7 EDS of various dopant concentration in Bi-Ni co-doped TiO2 

Bi-Ni codoped TiO2 Elements 

Dopant concentration 

(wt %) 

Bi (%) Ni (%) O (%) Ti (%) 

0.25 0.26 3.04 16.36 80.33 

0.50 1.37 1.88 43.52 53.4 

1.0 2.48 0.72 70.70 26.10 

4.3.1.3 BET surface area analysis 

The BET surface area of Bi-Ni co-doped TiO2 was found to be 74, 55 and 18.66 m
2
/g 

for 0.25, 0.5 and 1.0 wt% of dopant concentration, respectively. It was observed that increase 

in dopant concentration resulted in reduction of surface area of catalyst, which may be due to 

increase in grain size, that is consistent with results of SEM. 

4.3.1.4 Band gap energy 

The UV–vis diffuse reflectance spectrum of all the compositions are shown in Fig. 

4.18 It is evident from the results that the UV–vis diffuse reflectance spectrum of Bi-Ni 

codoped TiO2, gave distinct band-gap absorption edges at 422 nm, 415 nm, 405 nm for 0.5 & 

1.0wt%, Bi-Ni codoped TiO2, respectively. The corresponding band-gap energies were found 
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to be 2.89, 3.09 and 3.11 eV for 0.25 wt%, 0.50 wt%, and 1.0 wt% Bi-Ni co-doped TiO2, 

respectively. Band gap is minimum when dopant concentration is less as the absorption shift 

is maximum because when the amount of dopants is less, the metals ions get incorporated 

into the lattice but when the dopants are in excess, ions cannot enter the TiO2 lattice, and 

therefore cover the surface of TiO2 and leads to the formation of heterogeneity junction. So, 

Bi-Ni (0.25 wt %) photocatalysts has lower band gap energy (2.9 eV) when compared to 

other dopant concentrations. 

 

 

Fig 4.18 UV diffuse reflectance spectrum Bi-Ni co-doped TiO2 

 

4.3.2 TiO2mediated degradation 

Photocatalytic activity of OFL was assessed with P25 TiO2 and its concentration was 

varied from 0.5-2.0 g/L at natural pH of 6.0. Fig. 4.19 depicts that maximum photocatalytic 

degradation of OFL to be 72.0% after 6 h of irradiation at catalyst dose of 1.5 g/L.  It has 

been observed that as catalyst concentration was allowed to rise from 0.5 to 1.5 g/L; there 

was increase in extent of degradation, whereas further increase in concentration, results in 

reduction of degradation efficiency, which might be due to decline in penetration of light 

(shielding effect). The correlation between degradation rate and the catalyst concentration is 

due to large number of active TiO2 sites accessible for the Photocatalytic reaction. 
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Fig 4.19 Effect of variation of catalyst concentration 

(Initial concentration=25ppm, pH 6.0) 

 

The effect of pH of the solution is the major issue associated with the ionization states 

of surface of catalyst & substrate and also the rate of formation of radicals in the reaction 

mixture. Thereafter, the degradation of Ofloxacin OFL (25mg/L) also was investigated by 

varying pH of the initial OFL solution from 3-10 using P25 TiO2 as catalyst with a dose of 

1.5 g/L. It has been observed that photocatalytic activity is related to surface ionization state 

of catalyst. Change in the pH can change the adsorption of Ofloxacin on catalyst surface, 

which is determinant factor for the existence of photocatalytic oxidation reactions. At pH 3, 

72.0% degradation of OFL was achieved within 6 h (Fig. 4.20).  

Ofloxacin is cationic below pKa1 anionic above pKa2, and neutral between pKa1 and 

pKa2. Due to this, the effect of the pH of the OFL solution cannot be explained in terms of the 

ionization state of the catalyst and the substrate as both carry either negative or positive 

charges at alkaline or acidic conditions, respectively; i.e. neither environment should 

particularly favour substrate adsorption on the surface. At low pH values, positive holes are 

the main oxidation species, while at neutral or high pH, hydroxyl radicals are reflected as the 

major species. It appears that Ofloxacin oxidative transformation is primarily by valence 

band holes rather than radicals [Konstantinou et al., 2003; Sohrabi et al., 2008; Jaiswal et al., 

2012]. 
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Fig 4.20 Effect of variation of pH 

(Initial concentration=25ppm, catalyst dose=1.5g/L) 

 

4.3.3 Co-doped TiO2 mediated degradation 

The concentration of dopant-metal ions (Bi-Ni co-doped TiO2) plays a very 

significant role in photocatalytic activity. The concentration of dopant (Bi- Ni) was varied 

from 0.25 to 1.0 wt% at pH 3 with catalyst dose of 1.5g/L under 6h of solar irradiations (30-

35W/m
2
) as shown in Fig. 4.21. The maximum degradation efficiency of doped catalyst was 

obtained with dopant concentration of 0.25 wt%, further increasing the concentration of 

dopant lead to decrease in degradation efficiency. It may be attributed to the fact that, metal 

ions, at low concentration, act as trapping centres for photo-generated electron (e
−
) and/or 

hole (h
+
) within the titania band-gap thus increasing the recombination time of e

−
/h

+
 pairs. 

These primarily trapped charges may then migrate, towards the surface of the semiconductor 

where further redox reaction occurs, thus enhances the photocatalytic activity. However, a 

high concentration of metal ions results in the recombination of the photo-generated e
−
 and 

h
+
. There persists a finest concentration amount of dopant-metal ions at which the 

concentrated amount of e
−
 and/or h

+
 are confined without recombination; on increasing the 

amount above this optimum value the photocatalytic activity decreases because of the 

increase in recombination rate [Jaiswal et al., 2012].  
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Fig 4.21 Effect of variation in dopant concentration 

(Initial concentration=25ppm, catalyst dose=1.5g/L, pH 3.0) 

 

Degradation of OFL with Bi-Ni co-doped TiO2 was compared with P25 TiO2. The 

OFL (25 mg/L) was allowed to undergo photocatalytic treatment for 6 h using optimum 

catalyst concentration of 1.5 g/L at pH 3. It was observed (Fig. 4.22) that 86.0% of OFL was 

degraded using Bi-Ni co-doped TiO2 under solar irradiations, whereas, 42.0% degradation 

occurred using P25 TiO2,which shows that introduction of metal ions leads to increase in the 

efficiency of TiO2 catalyst, and it may be attributed to decrease in band-gap of Bi-Ni co-

doped TiO2. 

 

Fig 4.22 Effect of variation of type of catalyst 

(Initial concentration=25ppm, catalyst dose=1.5g/L, pH 3.0) 

 

4.3.4 Comparison of solar/UV light 

Plot of photocatalytic degradation of OFL under UV/solar irradiation as a function of 

time with 1.5 g/L (Bi-Ni co-doped TiO2), at pH 3 has been presented in Fig. 4.23. The 
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photocatalytic degradation efficiency of OFL was higher under solar light (30-35W/m
2
) when 

compared to UV light (11.2W/m
2
) Maximum degradation of OFL were found to be 86.0 and 

42.2 % under solar and UV irradiations, respectively. However, P25 TiO2 resulted in 76.0 and 

40.0% degradation under UV and solar light, respectively, under optimal condition. 

 

Fig 4.23 Effect of variation of light source 

(Initial concentration=25ppm, catalyst dose=1.5g/L, pH 3.0) 

 

 

4.3.5 Kinetic study 

Kinetic studies for degradation of OFL under catalyst condition (catalyst dose of 1.5 

g/L at pH 3) were carried out to find the reaction rate constant and order of reaction with Bi-

Ni co-doped TiO2 as photocatalysts under solar irradiations. The plot of ln C/C0 v/s time gave 

straight line as shown in Fig. 4.24 and the correlation constant was found to be 0.963. Rate 

constant was calculated as 0.0062min
-1

 for Bi-Ni co-doped TiO2 while, P25 TiO2 gave rate 

constant of 0.0036min
-1

, which shows higher activity of co-doped catalyst. Straight line of the 

graph shows that photocatalytic degradation of model compound followed first order kinetics. 
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Fig 4.24 Kinetic study of degradation of OFL using P25 TiO2 and Bi-Ni co-doped TiO2 

(Initial concentration=25ppm, catalyst dose=1.5g/L, pH 3.0) 

4.4 PHOTOCATALYTIC DEGRADATION OF ATENOLOL  

Atenolol is a selective β1 receptor antagonist, used primarily in treatment of cardiovascular 

diseasessuch as a hypertension, coronary artery disease and arrhythmias [Maurer et al., 

2007].Due to its wide consumption and less human metabolism, ATL was extensivelynoticed 

in sewage effluents [Alder et al., 2010, Huggett et al., 2003]. The studies also determined the 

daily aqueous mass output loads for the compounds though the treated wastewater is 2.2–

50.8 g/d for Atenolol. Physical and chemical properties of Aspirin are explained in Table 4.8.  

Table 4.8 Physical properties and Chemical structure of Atenolol 

Name of compound Atenolol 

Synonym   4-[2-Hydroxy-3-[(1-

methylethyl)amino]propoxyl]benzeneacetamide 

IUPAC {4-[2-Hydroxy-3-(propan-2-

ylamino)propoxy]phenyl}acetamide 

CAS No. 29122-68-7 

Molecular Formulae C14H22N2O3 

Molecular weight 266.3g/mol 

Density 1.13g/cm
3
 

Melting point 146
o
C-148

o
C 

Boiling point 508.05
o
C 

Lambda max 244nm 

Solubility in water 26.5mg/ml 

https://en.wikipedia.org/wiki/Cardiovascular_disease
https://en.wikipedia.org/wiki/Cardiovascular_disease
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Structure 

 

 

Graphene TiO2 and Graphene ZnO composites were prepared using hydrothermal 

method as explained in Section 3.3.2 and its characterization was done. Further, the 

photocatalytic degradation of Atenolol (25mg/L) was compared using graphene composites 

and P25 TiO2 as photocatalyst.  

 

4.4.1 Characterization of graphene TiO2 

Graphene TiO2/ZnO composites prepared using hydrothermal method was 

characterized for various parameters such as particle size, morphology, band gap and surface 

area. 

4.4.1.1 XRD pattern 

XRD pattern (Fig 4.25) of GO exhibits a diffraction peak at 2θ = 11.3°, which is in 

close agreement with the previous reports [Fan et al., 2011]. Figure 4.25 shows the highly 

crystalline nature of TiO2-G, and both anatase and rutile crystalline phases are observed. 

However, peaks associated only with TiO2 are observed, and no peak is assigned to GO, 

indicating that it was reduced to graphene during the hydrothermal process. Likewise, the 

XRD pattern of ZnO-G displays an excellent crystalline characteristic of the composite as 

shown in Figure 4.25 (d).  

 

 

Fig 4.25 XRD pattern of (a) Graphene oxide (b) P25 TiO2 (c) TiO2-G(d) ZnO-G 

 

4.4.1.2 UVdiffuse reflectance spectroscopy- 
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The optical properties of the samples were investigated by UV−vis spectroscopy. The 

absorption spectra of TiO2, TiO2-G and ZnO-G are compared in Figure 4.26. It has been 

observed that after introduction of graphene into the bare TiO2, the absorption edge is 

noticeably shifted into the visible region, whereas the small shift is observed for ZnO-G. By 

adding graphene to TiO2, the band gap is noticeably decreased from 3.1 to 2.2 eV, which can 

be associated with the enhanced chemical bonding between TiO2 and graphene [Zhang et al., 

2011]. However, the band gap corresponding to ZnO-G is 2.9 eV, which is slightly decreased 

compared to that of pure ZnO. Therefore, the degree of band gap narrowing is higher for 

TiO2-G when compared to ZnO-G, implying that the interaction of TiO2 and graphene was 

stronger. This may also suggest that the graphene mainly acts as a substrate for 

immobilization of ZnO particles [Sun et al., 2014]. As a result of this extension in 

photoresponse range, the solar spectrum could be utilized more efficiently and the solar 

degradation rate of ATL was improved by applying graphene into TiO2 and ZnO. 

 

Fig 4.26 UV-DRS reflectance spectrum  

 

4.4.1.3 SEM analysis 

Typical SEM images of ZnO-G and TiO2-G are shown in Figure 4.27. These images 

verify TiO2 or ZnO loading on the graphene sheet. The interaction of the -OH and -COOH 

functional groups of GO with the surface of the semiconductors facilitates this loading.  
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Fig 4.27 SEM images (a) TiO2-G (b) ZnO-G 

 

4.4.2 Effect of photocatalytic parameters 

 The photocatalytic degradation of Atenolol was carried out using P25 TiO2& 

synthesized TiO2-Gin slurry mode under solar simulator and the effect of various process 

variables viz. pH, light intensity, effect of light source has been studied. 

4.4.2.1 Effect of catalyst loading  

The effect of catalyst loading (P25 TiO2& Graphene TiO2) for the degradation of 

Atenolol (25mg/L) was studied in the range 0.5–2.0 g/L and the results are shown in Fig. 4.28 

As indicated, the initial rate of reaction increases with increase in catalyst loading up to a 

certain value, whereas further increase beyond that value lead to reduction in rate of reaction. 

Basically increase in the catalyst loading leads to increase in number of active sites that are 

accessible for photocatalytic reactions and this take place up to a point where all catalyst 

particles are fully illuminated [Yang et al., 2008]. At higher concentrations, the screening 

effect of excess particles takes place, which leads to covering of the photosensitive surface 

and consequently hindering the penetration of light and these loss of photons lead to decrease 

in reaction rate. It was observed that 72.0 and 55.0% degradation was achieved using TiO2-G 

andP25 TiO2as catalyst with dose of 1.5g/L in 1h under solar simulator at pH 6. 

(a) (b) 

http://www.sciencedirect.com/science/article/pii/S0043135409007994?np=y#fig3
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Figure 4.28 Effect of catalyst loading (a) P25 TiO2 (b) TiO2-G 

(Atenolol Concentration=25ppm, pH=6, Light Intensity= 75mW/cm
2
) 

 

4.4.2.2 Effect of initial substrate concentration 

Experiments were carried out by varying the initial concentration of substrate in the 

range 5–25 mg/L with 1.5 g/L catalyst loading and the results are shown in Fig. 4.29(a) & 

(b). The rate of degradation decreased with increase in concentration of ATL. Atenolol 

conversion reduced from 85.0 to 57.0% and 92.0 to 72.0% after 60 min as concentration of 

substrate was increased from 5 to 25 mg/L using P25 TiO2 and TiO2-G, respectively. 

When the concentrations of Atenolol is high, more and more Atenolol molecules are 

adsorbed on the surface of catalyst. In contrast, the relative number of ·OH and ·O2
 -
 radicals 

attacking the Atenolol molecules decreases due to constant reaction conditions. As a result 

the photocatalytic degradation decreases. The limited number of surface sites on catalyst 

particles may control the photodegradation. Therefore, the requirement of reactive species 

(·OH and ·O2
-
) needed for the degradation of pollutant also increases. However, the formation 

of ·OH and ·O2
-
 on the catalyst surface remains constant for a given light intensity, catalyst 

amount and duration of irradiation. Hence, the available ·OH radicals are inadequate for the 

pollutant degradation at higher concentrations. Therefore the degradation decreased as the 

concentration of ATL was increased [Bahnemann et al., 2007]. 
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Figure 4.29 Effect of Initial Substrate concentration (a) P25 TiO2 (b) TiO2-G 

(Catalyst dose=1.5g/L, pH=6, Light Intensity= 75mW/cm
2
) 

 

4.4.2.3 Effect of pH 

The natural pH of 25 mg/L Atenolol solutions was 9 and it was attuned at pH ranging 

from 4 to 9.0 by addition of appropriate amount of HCl or NaOH solutions. Fig. 4.30 (a) & 

(b) shows the effect of pH on the photocatalytic degradation of Atenolol. Experiments were 

conducted at acidic, alkaline and neutral conditions, and results showed that the degradation 

was maximum at neutral conditions, whereas, degradation declined at acidic or alkaline 

conditions. For instance, the conversion of Atenolol with TiO2-G after 60 min of reaction was 

60.0%, 72.0%, 63.0% and 57.0% at pH 4, 6, 8 and 9 respectively. While, for P25 TiO2, 

39.0%, 56.0%, 45.0% and 42.0% degradation was achieved at pH 4, 6, 8 and 9, respectively. 

As Atenolol have two reactive sites: an aromatic ring and a secondary amine-moiety. The 

reaction of the amine-moiety rest on pH of the solution, while the reaction of the aromatic 

ring does not. So, the reaction of Atenolol is influenced by the pKa of the amines (i.e. 9.6) 

and the solution pH. At 9.6 > pH > 6, the amino group can get protonated while the catalyst 

surface is negatively charged. Thus, the electrostatic attraction between the surface of 

TiO2 and Atenolol is enhanced, resulting in higher conversions at neutral conditions.  
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Figure 4.30 Effect of Variation of pH (a) P25 TiO2 (b) TiO2-G 

 (Catalyst dose=1.5g/L, Atenolol concentration=25ppm, Light Intensity= 75mW/cm
2
) 

 

4.4.2.4 Variation of light intensity 

The effect of variation of light intensity on the photocatalytic degradation of Atenolol 

was observed by keeping all other variables constant. The light intensity was varied from 25-

100mW/cm
2
. The results obtained are reported graphically in Figure 4.31(a) & (b). The 

observation shows that an increase in light intensity increases the rate of photocatalytic 

degradation, which is due to enhanced number of photons striking per unit area of the 

semiconductor. The increase in number of photons increases number of exited catalyst 

molecules and resultant increase in the number of hydroxyl radicals and super oxide ions (O2
-

). Thus, the degradation of ATL molecules increased with increase in light intensity. 

 

                  Figure 4.31 Effect of Variation of Light Intensity (a) P25 TiO2 (b) TiO2-G 
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(Catalyst dose=1.5g/L, Atenolol concentration=25ppm, pH=6) 

 

4.4.2.5 Variation of light source 

The light source has been varied using solar simulator with UV filter and without UV 

filter. Fig 4.32 depicted that using UV filter, higher degradation was obtained for Atenolol 

within 1h (pH 6 as 1.5g/L of catalyst dose). However, incorporation of UV filter resulted in 

the significant reduction of degradation both in case of TiO2-G andP25 TiO2. 

 

 

Figure 4.32 Effect of Variation of Light source (Atenolol concentration=25ppm, catalyst 

concentration =1.5g/L, pH=6, light intensity= 75mW/cm
2
) 

 

 

 

4.4.3 Kinetic regime for different catalyst loading 

Fig 4.33 represents data for the photocatalytic degradation rate of Atenolol at different 

catalyst loadings. The catalyst load was varied from 0.01- 2.0 g/L. it is evident from the 

results that the rate of degradation is nearly constant and is independent of catalyst loading 

between 0.01 to 0.08 g/L and thereafter, rate reduces progressively as the catalyst loading 

was allowed to increase from 0.08 to 2.0 g/L. In the 0.01-0.08 g/L range, the overall rate is 

exclusively affected by kinetics because as the amount of catalyst is allowed to double (in g 

of catalyst), the conversion (in mg/L/min) also doubles; so resultant rate remains constant. 

When the catalyst was increased beyond 0.08 g/L, the rate of reaction decreased gradually. 

Therefore, in this range, the overall rate is not guided completely by kinetics and is also 

affected by the transport of pollutant molecules or light on the surface of catalyst. In this 

transport-limited area, the degradation process increases at a slower rate than the increase of 

Time (min) 

ln
 C

/C
O
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the amount of catalyst and, therefore, generally rate decreases instead of remaining constant. 

In other words, in this region conversion is affected by different factors: (i) Because of 

external mass-transfer resistance, all of the additional catalyst surface area does not come in 

contact with a pollutant, (ii) Because of agglomeration of the catalyst particles or internal 

mass-transfer resistance, the pollutant might not reach to some of the catalyst surface area, (c) 

light cannot extent upto some of the catalyst surface area due to absorption and scattering of 

light, (d) light cannot enter the agglomerates and trigger the inner surfaces, or (e) 

combination of all of the above. Thus, Figure 4.33 reveals two regimes: (1) the kinetic regime 

at the low catalyst range (<0.08g/L) and (2) the transport (mass or light) limitation regime at 

the high catalyst loading (0.08-2.0 g/L). 

 

 

Figure 4.33 Kinetic regime for degradation of Atenolol at different catalyst dose 

(Atenolol concentration=25ppm, pH=6, light intensity=750mW/cm
2
) 

 

 

 

4.4.4 Kinetics of TOC disappearance 

TOC analysis seems to be accurate and appropriate for evaluating the 

decontamination of polluted waters containing organics since it takes into account all the 

residual carbon-containing metabolites. The complete mineralisation of ATL was confirmed 

from total organic carbon (TOC) experiment. The kinetics isotherm of TOC disappearance 

[TOC] = f (t) is given in Fig. 4.34. For Atenolol compound of 25ppm, it was observed that 

TOC has totally disappeared in 7 h. TOC value decreased with increase in irradiation time. 

The initial TOC of Atenolol solution was found to be 16.9mg/L and diminished after 7h of 

irradiation time. 
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Figure 4.34TOC for Atenolol degradation (Atenolol concentration=25ppm, pH=6, 

catalyst dose TiO2-G=1.5g/L, Light intensity=75mW/cm
2
) 

 

4.5 PHOTOCATALYTIC DEGRADATION OF ATENOLOL WITH GO–ZnO/TiO2 

COMPOSITE  

 The photocatalytic degradation of Atenolol was also evaluated and optimized with 

TiO2-G and ZnO-Gin slurry mode under solar simulator for assessing the effect of various 

process parameters viz. pH (A), Catalyst dose (B), Substrate concentration (C), light 

intensity(D).Optimization of process parameters through Box-Benkhen design was done to 

maximize the photocatalytic degradation of Atenolol by optimizing four independent 

parameters simultaneously.  

 

4.5.1 Experimental design and statistical analysis 

A three level Box-Benkhen design with four factors was employed to know the 

optimum conditions so as to maximize the degradation rate of Atenolol. The method 

consisted of essential a low level (indicated as -1), a central (indicated as 0) and maximum 

level (indicated as +1) for each experimental factor (Table 4.9). The experiments were carried 

as suggested by BBD and are shown in Table 4.10. Twenty Nine set of experiments were 

done to analyse the extent of error in the experimental analysis. The experiment order No. 31-

33 were conducted randomly just to validate the model. 
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Table 4.9 Four selected factors and three levels 

Factors Factor level 

Low 

(-1) 

Middle (0) High (+1) 

pH 4 6.5 9 

Catalyst Dose (g/L) 0.5 1.25 2 

Substrate Concentration 

(mg/L) 

5 15 25 

Intensity (W/m
2
) 250 625 1000 

 

The coefficients of the quadratic model, which represent the rate of reaction, were 

calculated by multiple regression analysis. The coefficients were analyzed using the analysis 

of variance (ANOVA) to assess if a given term has a significant effect (p<0.05).  

The factors and the experimental levels for each factor were considered on basis of 

the results from preliminary experiments, literature values, and some other available 

resources. The maximum and minimum levels of ZnO-G concentrations were determined by 

preliminary experimental study. Below the lowest ZnO-G concentration, the photocatalytic 

effect was overwhelmed due to photolysis and further increase in concentration above the 

highest level was disadvantageous due to the turbidity of the solution which was causing 

photo-hindrance. The Atenolol concentration was selected by the applicability of the first-

order kinetics over the range reported for an industrial effluent. 

4.5.2 Experimental design and modeling analysis 

For the response surface optimization study, the photocatalytic degradation of 

Atenolol was analyzed at each projected point of the four factors (pH, catalyst concentration, 

substrate concentration, Intensity) three level Box Benkhen design. The Atenolol 

concentration was determined at regular time intervals of each set of experiments and 

degradation reaction rate (min
-1

) was considered as the response variables. 
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Table 4.10 Design conditions for experiment tal factors and response at different factor 

levels, 

 

Expt. 

Order 

Factors Response 

pH 

Catalyst 

dose (g/L) 

Substrate 

Concentration 

(mg/L) 

Intensity 

(W) 

Reaction Rate 

(min
-1

) 

1 6.5  1.25 15  625 0.458 

2 9  1.25  15 250  0.0915 

3 6.5  0.5  5  625  0.204 

4 9  1.25 5  625 0.166 

5 6.5  1.25  25  1000  0.783 

6 6.5 2 25  625 0.670 

7 4  1.25  15  250  0.215 

8 6.5  0.5  15  1000  0.484 

9 6.5  1.25  5  250  0.067 

10 9  1.25 25  625 0.413 

11 4  1.25  5  625  0.144 

12 4  1.25 25 625 0.693 

13 6.5  1.25  25  250  0.288 

14 6.5 2 15  250  0.309 

15 4  1.25 15 1000  0.374 

16 9  1.25  15  1000  0.341 

17 6.5  0.5  25  625  0.604 

18 6.5 1.25  15  625  0.458 

19 6.5  2  15  1000  0.596 

20 6.5  1.25 15  625  0.451 

21 6.5  1.25  5  1000  0.146 

22 6.5  2 5  625  0.124 

23 6.5 1.25  15  625 0.463 

24 9  2  15  625  0.385 

25 6.5  0.5  15  250  0.475 

26 4  2  15  625  0.363 

27 9  0.5  15  625  0.302 

28 6.5  1.25  15  625  0.458 

29 4  0.5  15  625  0.434 

30 4 1.8 25 940 0.845 

31 7 1 25 850 0.635 

32 5 1 20 750 0.581 

33 8 1.5 25 750 0.521 

 

The F-value of 20.32 and corresponding p-values of < 0.0001 obtained from ANOVA  

for the responses, show the high significance of the models, indicating that there is only a 

0.01% chance that the model F-Value could be this much large because of noise. The 
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ANOVA results for the coefficients of the regression models for rate of reaction are shown in 

Table 4.11 and 4.12.  

Table 4.11 ANOVA results of the response surface quadratic model for Atenolol 

degradation 

Source        Sum of squares        Degree of freedom          Mean square    F-Value     P-

Value   

Model                       0.11                        4   0.028     8.44        <0.0001 

Residual                   0.0306                             4.91E-003 

Pure error               7.320E-005             4                            1.830E-005 

R
2= 

0.953          Adj R
2= 

0.906         Pred R
2
=0.7302 

 

 

Table 4.12 ANOVA results for the coefficients of quadratic model for ATLdegradation 

 

 

The predicted R
2 

value (0.730) for removal of Atenolol, is in agreement with the 

corresponding adjusted R
2
 value (0.906). Close R

2 
and adjusted R

2 
values indicate the 

adequacy of the model. 

The adequate precision value of 17.168 indicate acceptable signal. Small prediction 

error sum of square (PRESS) values of 0.26 shows the fitness of the predicted values. The 

high values of R
2 

and adequate precision and low PRESS values indicate that the quadratic 

polynomial equations can be employed to assess the removal of Atenolol in the experimental 

Factor Coefficient 

Estimate 

df Standard 

Error 

95% CI low 95% CI 

High 

Intercept 0.46 1 0.026 0.40 0.51 

A-pH -0.044 1 0.017 -0.079 -8.27E-003 

B-Catalyst Dose -4.667E-003 1 0.017 -0.040 0.031 

C- Substrate Concn. 0.22 1 0.017 0.18 0.25 

D-Light Intensity 0.11 1 0.017 0.071 0.14 

AB 0.038 1 0.029 -0.023 0.100 

AC -0.075 1 0.029 -0.14 -0.014 

AD 0.023 1 0.029 -0.039 0.084 

BC 0.037 1 0.029 -0.025 0.098 

BD 0.070 1 0.029 8.124E-003 0.13 

CD 0.10 1 0.029 0.043 0.17 

A
2
 -0.100 1 0.022 -0.15 -0.052 

B
2
 0.029 1 0.022 -0.020 0.077 

C
2
 -0.052 1 0.022 -0.10 -4.65E-003 

D
2
 -0.069 1 0.022 -0.12 -0.021 



79 
 

range. From ANOVA analysis it is clear that pH, substrate concentration and light intensity 

are the significant terms playing a vital role in the removal of ATL at optimized conditions. 

4.5.3 Verification of response surface model 

A scatter plot of the experimental data as shown in Fig 4.35 against values predicted 

by model showed a rational correlation for all levels. A normal distribution of residual 

confirms a satisfactory results of model with the experimental data. A p value confirms a 

normal distribution of residuals and commends the model prediction correlated rationally 

well with the experimental results. Further experiments were done to confirm the rationality 

and correctness of the response surface model using the variables under consideration. 

 

Fig 4.35 Predicted v/s actual Reaction rate (min
-1

) 

4.5.4 Effect of factors on response variable 

The effect of interaction of substrate concentration, pH, and light intensity were 

investigated and are shown in Fig 4. 36(a), (b) & (c). As it could be clearly seen from fig 4.25 

a) that by increase in pH and substrate concentration, rate of reaction keep on increasing. It 

shows that both factors have direct effect on reaction and degradation of model compound.  

Similarly from Fig 4.35(b) it has been observed that by varying the pH and light intensity, 

maximum reaction rate is observed at pH 6.5, which is considered as an optimum pH and by 

increasing the light intensity, degradation keep on increasing and observed to be as maximum 

at 100W/m
2
. Further Fig 4.35(c) reveals the effect of light intensity and substrate 

concentration on rate of reaction. Similar trend has been observed, that with increase in light 

intensity, degradation increased and obtained maximum at 100W/m
2
 for 25ppm of substrate 

concentration. 
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- 

Fig 4.36 3D Response surface showing interaction between (a) substrate concentration and 

pH (b) Intensity of light and pH (c) Intensity of light and substrate concentration 

 

 

4.5.5 Optimization of the degradation process 

In the present study, the process was optimized under four constraints. The imposed 

constraints are pH of reaction mixture, minimization of the use of photocatalyst, 

maximization of the concentration of Atenolol and maximization of intensity of light. The 

optimum conditions for maximum rate of reaction for Atenolol degradation under imposed 

constraints were found to be dose of ZnO-G 1.2g/L, Concentration 25mg/L, Light intensity 

940W and pH of the reaction mixture 4. The degradation of Atenolol was 85% under the 

optimum conditions. The result obtained proved the efficient use of RSM in the process 

optimization of photocatalytic degradation of Atenolol using ZnO-G composite. 

4.5.6 Validation of the process optimization 

In order to confirm the results, aqueous solution of Atenolol was irradiated under UV 

for 60 minutes in the batch reactor under the obtained optimum condition and the subsequent 



81 
 

degradation percentage attained was 85.0%. The experimental values were in worthy 

agreement with the predicted results. This showed the validity of the optimization result 

determined using RSM and it was confirmed that RSM can be competently employedfor the 

photocatalytic degradation process of Atenolol using ZnO-G Composite. 

4.5.7 Comparative study ofTiO2-Gand ZnO-G 

Two composite of graphene i.e. ZnO-G&TiO2-G were compared under optimum 

experimental conditions for each, at which ZnO-G has attained the higher rate of reaction. It 

can be analyzed that ZnO-G performed better catalyst when compared to TiO2-G. The rate of 

reaction obtained with ZnO-G is 0.845min
-1

 whereas, the rate of reaction with TiO2-

Gobtained was 0.541min
-1

. Comparison of photocatalytic activity of two different 

photocatalyst has indicated that the ZnO-G is better for degradation of Atenolol. Besides 

higher efficiency, the other advantage of ZnO is its low cost.   

4.6 PHOTOCATALYSIS IN IMMOBILIZED MODE 

A novel semi-batch swirl-flow monolithic-type reactor (Fig. 3.3) with immobilized 

photocatalyst was used in continuous mode (Fig. 3.4) to study the kinetics of photocatalytic 

reactions, in order to eliminate the need of separation of catalyst after photocatalytic 

treatment. Monoliths are unique catalyst supports that provide a high surface-to-volume ratio 

and allow high flow rates with low-pressure drop. Both the catalysts (TiO2-G and P25 TiO2) 

wereassessed under immobilized/ suspended modes separately, to compare their efficacy in 

the degradation of Atenolol under UV irradiations. The simultaneous effect of parameters 

such aspH (A), Catalyst concentration (B), Substrate concentration (C) and light intensity 

(D)on degradation efficacy was optimized using BBD technique.  

4.6.1 Adsorption study 

Degradation of Atenolol was assessed with immobilized catalyst in dark (without UV 

lamp) in experimental set-up (Fig. 3.4) to study the adsorption of substrate on the surface of 

the catalyst as explained in Section 3.5.1.Fig. 4.37 depicts small decrease in Atenolol 

concentration in the absence of UV light when a fresh catalyst plate was used in swirl flow 

reactor for 1 h, which can be attributed to the adsorption of Atenolol onto the catalyst. The 

concentration of Atenolol adsorbed on the surface was calculated w.r.t. the difference 

between the initial and final concentrations.  
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Fig 4.37 Adsorption of Atenolol at different initial concentrations  

(pH 6, catalyst percentage =10%) 

4.6.2 Experimental design and statistical analysis 

A four factor three level Box-Benkhen design having five central points with three 

replicates was used to determine the operating conditions for maximizing the Atenolol 

degradation rate. The method consisted of defining a minimum or low level (denoted as -1), a 

central or   level (denoted as 0) and a high or maximum level (denoted as +1) for each 

experimental factor (Table 4.13).  

The experiments were conducted under the conditions shown in Table 4.14. Twenty 

Nine experiments were conducted to estimate the extent of error in the experimental analysis. 

The experiment with Order No. 31-33 were conducted randomly just to validate the model. 

The coefficients of the quadratic model, which describes the degradation rate as a 

function of the reaction condition (independent variables), were calculated by multiple 

regression analysis on the experimental data. The coefficients were analyzed using the 

analysis of variance (ANOVA) to evaluate if a given term has a significant effect (p<0.05).  

Table 4.13 Four selected factors and three levels 

Factors Factor level 

Low 

(-1) 

Middle (0) High (+1) 

 

pH 

4 6.5 9 

Catalyst Concentration 

(%) 

10 15 20 

Substrate Concentration 

(mg/L) 

10 20 30 

Intensity (W/m
2
) 60 160 260 
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4.6.3 Experimental design and modeling analysis 

The photocatalytic degradation of Atenolol was analyzed by response surface optimization 

study, at each projected point of the four factors (pH, catalyst concentration, substrate 

concentration, Intensity) three level Box Benkhen design. Considering this design, 29 

experiments were performed. The Atenolol concentration was determined at regular time 

intervals of each set of experiments and degradation reaction rate (min
-1

) was calculated 

using data. Analysis of variance (ANOVA) was used to statistically analyse the experimental 

data for rate of reaction. The F-value of 15.85 and corresponding p-values of < 0.0001 

obtained from ANOVA for the rate of reaction, show the high significance of the models. 

The ANOVA results for the coefficients of the regression models for rate of reaction are 

shown in Table 4.15 and 4.16. The predicted R
2
 value (0.684) for Atenolol removal, is in 

accordance with the adjusted R
2
 value (0.795). Adjusted R

2
 value corrects the R

2
 value for 

sample size and number of terms in the model. Close R
2
 and adjusted R

2
 values indicate the 

adequacy of the model. 

The adequate precision value of 11.01 indicate acceptable signal. Small prediction 

error sum of square (PRESS) values of 0.19 shows the suitability of the predicted values. The 

low PRESS value, adequate precision and high values of R
2 

depicted that the quadratic 

polynomial equations can be efficiently considered to analyse the degradation of Atenolol. 

From ANOVA analysis it is clear that catalyst concentration, substrate concentration and 

light intensity are the significant terms playing a vital role in the removal of ATL at 

optimized conditions in immobilized mode. 
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Table 4.14 Design matrix for experimental factors and response at different factor levels 

 

Expt. 

Order 

Factors 

pH 

Subs. 

Concentration 

(mg/L) 

Catalyst 

Concentration 

(mg/L) 

Intensity 

(W/m
2
) 

Reaction 

Rate (min
-1

) 

1 6.5 20 10  260  0.659 

2 6.5 30 20 160 0.46 

3 6.5 10  10  160 0.551 

4 6.5 30 15  260  0.523 

5 6.5 20 20 260 0.49 

6 9  20 15 260 0.342 

7 9 20 20 160 0.201 

8 6.5 10  15 60 0.231 

9 6.5 20 15 160 0.451 

10 4  30 15 160 0.41 

11 4  20 15 260  0.509 

12 9 30 15 160 0.3 

13 6.5 30 10 160 0.667 

14 6.5 20 20  60 0.42 

15 6.5 20 15 160 0.648 

16 6.5 20 15 160 0.65 

17 6.5 30 15 60 0.45 

18 9 10  15 160 0.25 

19 4  20 20  160 0.289 

20 6.5  20 15 160 0.567 

21 4  20 10 160 0.369 

22 6.5  10  15 260  0.65 

23 9 20 15 60 0.24 

24 6.5 20 10 60  0.279 

25 9  20 10 160  0.323 

26 6.5 20 15  160 0.45 

27 6.5  10  20  160 0.485 

28 4  10  15 160 0.331 

29 4  20 15 60  0.215 

30 8 10 15 60 0.227 

31 7 20 15 160 0.41 

32 5 15 10 260 0.57 

33 6 30 20 160 0.456 
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Table 4.15 ANOVA results of the response surface quadratic model for Atenolol 

degradation 

Source           Sum of squares        Degree of freedom          Mean square      F-Value     P-

Value   

Model                    0.28                             4                              0.070             15.85       <0.0001    

Residual                0.052                           6                         8.739E-003  

Lack of fit              0.023                         10                        2.26E-003           0.23         0.973       

Pure error              0.040                          4                          9.911E-003 

R
2= 

  0.897        Adj R
2= 

  0.795      Pred R
2
= 0.684 

 

Table 4.16 ANOVA results for the coefficients of quadratic model for Atenolol 

degradation 

 

 

4.6.4 Verification of response surface model 

Additional set of tests were done to check the validity and correctness of the response 

surface model within the considered variables. For each set of experiments 

adiscreteconfirmation study was carried out for four factors and the model prediction (Fig 

4.38) was in agreement with the observed results for Atenolol ranging from 10 to 30mg/L. 

Factor Coefficient 

Estimate 

Df Standard 

Error 

95% CI low 95% CI 

High 

Intercept 0.55 1 0.030 0.49 0.62 

A-pH -0.039 1 0.019 -0.080 2.368E-003 

B-Catalyst Dose 0.026 1 0.019 -0.015 0.067 

C- Substrate Concn. -0.042 1 0.019 -0.083 -6.316E-004 

D-Light Intensity 0.11 1 0.019 0.070 0.15 

AB -7.250E-003 1 0.033 -0.079 0.064 

AC -0.010 1 0.033 -0.082 0.061 

AD -0.048 1 0.033 -0.12 0.024 

BC -0.035 1 0.033 -0.11 0.036 

BD -0.086 1 0.033 -0.16 -0.015 

CD -0.078 1 0.033 -0.15 -5.992E-003 

A
2
 -0.21 1 0.026 -0.26 -0.15 

B
2
 -0.015 1 0.026 -0.071 0.041 

C
2
 -0.029 1 0.026 -0.085 0.027 

D
2
 -0.052 1 0.026 -0.11 3.720E-003 
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Fig 4.38 Predicted v/s actual Reaction rate (min
-1

) 

 

4.6.5 Effect of factors on response variable 

In the present study, the process was optimized under four factors. The factors that 

were taken into consideration are pH, amount of photocatalyst, concentration of Atenolol and 

intensity of light. Numerical optimization was carried out using Design expert version 9.0.0 

considering one response. The optimum conditions for maximum rate of reaction for 

Atenolol degradation were found to be dose of GO- TiO2 10%, Atenolol Concentration 

30mg/L, Light intensity 160W/m
2
 and pH of the reaction mixture 6.5. The degradation of 

Atenolol was 85% under the optimum conditions. The result obtained proved the efficient use 

of RSM in the process optimization of photocatalytic degradation of Atenolol using TiO2-G 

composite. 

The effect of interaction of substrate concentration, catalyst concentration and light 

intensity were investigated and are shown in Fig 4. 39(a) & (b). As it could be clearly seen 

from Fig 4.38 (a) that by increase in intensity of light and substrate concentration, rate of 

reaction keep on increasing. It shows that both factors have direct effect on reaction and 

degradation of model compound.  Similarly Fig 4.38(b) depicts that by varying the catalyst 

concentration and light intensity, maximum rate of reaction is observed at catalyst 

concentration of 10%, was considered to be as optimum and rate of reaction further reduces 

by increasing the catalyst concentration beyond 10% and for the light intensity, it has been 

depicted that maximum constant is around 160W/m
2
 and reduces on increasing or decreasing 

the light intensity on either side. 
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Fig 4.39 3D Response surface showing interaction between (a) substrate concentration 

and Intensity for photocatalytic degradation of Atenolol (b) Intensity of light and 

catalyst concentration 

 

 

4.6.6 Validation of the process optimization 

In order to validate the results of optimization, aqueous solution of Atenolol was 

irradiated under UV light for 60 minutes in the batch reactor under the different selected 

conditions from the range provided in model. The experimental values were in good 

agreement with the predicted results. This proved the validity of the optimization result 

determined using RSM under the imposed constraints and it was confirmed that RSM can be 

efficiently used to optimize the photocatalytic degradation process of Atenolol using TiO2-G 

Composite. 

4.6.7 Comparison of slurry and immobilized mode 

In order to compare the efficacy of catalyst in slurry/ immobilized mode, P25 TiO2 

and TiO2-G mediated photocatalytic degradation was carried out under optimum 

experimental conditions in UV irradiations and results indicate that both catalyst performed 

better in suspended mode when compared to immobilized mode. Moreover, TiO2-Gattained 

higher reaction rate in comparison to P25 TiO2 under immobilized mode with values of 

0.0722 & 0.0497min
-1

, respectively. 

Table 4.17 shows the rate of reaction of Atenolol for suspended system (at optimum 

catalyst loading of 1.5 kg m
-3

) and immobilized system (at optimum catalyst loading of 0.045 

kg m
-2

). Comparing the efficacy of TiO2-G in slurry/immobilized mode indicate that 

degradation efficacy was more (35%) in case of slurry modewhen compared to immobilized 

mode under similar experimental conditions (10% catalyst concentration, 160W/m
2
, pH 6.5) 
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with reaction rate of 0.0976and 0.0722min
-1

, respectively. Low efficacy in case of 

immobilized catalyst may be because of the effect of external mass transfer particularly at 

low fluid flow rate, and due to the increasing diffusional length of reactant from bulk solution 

to the catalyst surface. However, it should be noted that it is always convenient to scale-up 

fixed catalyst system for photocatalytic degradation at industrial scale as it eliminates the 

problem of separation of ultrafine catalyst particles after treatment. 

Table 4.17Reaction Rate for P25 TiO2 and TiO2-G catalyst in slurry/immobilized mode 

 

S.No Catalyst System Reaction Rate (min
-

1
) 

1. P25 TiO2 Immobilized 0.0497 

2. P25 TiO2 Slurry 0.0672 

3. Graphene-TiO2  composite Immobilized 0.0722 

4. Graphene-TiO2  composite Slurry 0.0976 

 

4.6.8 TOC analysis 

The oxidation of an organic compound is a complex reaction; in many cases, it goes 

through complicated routes, leading to the formation of different intermediate compounds 

before being reduced to CO2. So TOC was measured for TiO2-G photocatalyst used in 

immobilized mode under optimal conditions (pH 6.5, catalyst concentration= 10%, light 

intensity = 160W/m
2
) for the degradation of Atenolol (30 ppm).TOC value decreased from 

16.9 to 4.8 mg/L within 90 minutes under UV irradiations (Fig. 4.40). So, results of TOC 

indicate that mineralization was significant with immobilized experiment. 
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Fig 4.40 Photocatalytic degradation of Atenolol, TOC profile 

(Initial concentration=30ppm, catalyst loading=10%, pH=6.5, light intensity=160W/m
2
) 

4.7 INTEGRATED TREATMENT OF SIMULATED EFFLUENT 

The present study evaluated the response of integrating photocatalytic and biological 

treatment for degradation of simulated effluent containing Atenolol (10ppm) as 

pharmaceutical compound and its efficacy was compared with independent photocatalytic 

and biological treatment. Degradation efficacy was evaluated in terms of BOD and COD 

removal. 

4.7.1 Independent Photocatalytic treatment 

Photocatalytic treatment of simulated effluent was employed with P25 TiO2 as 

photocatalyst in slurry mode, illuminated under solar simulator at natural pH of 6.9. In order 

to optimize catalyst dose, the photocatalytic experiments were performed by varying P25 

TiO2 dose (0.5- 2.0g/L) in the presence of solar simulator (1000W/m
2
) for a period of 1h. Fig 

4.41 shows the extent of reduction in BOD & COD to be 10.0& 11.4%, respectively at 

dosage of 1.5g/L of TiO2after 1h of treatment. Initially reaction rate increased with increasing 

catalyst loading up to a certain value, due to increase in the number of active sites, whereas 

further increase in dose lead to reduced rates. At higher concentrations, a screening effect of 

excess particles occurs, thus masking part of the photosensitive surface and consequently 

hindering or even reflecting the penetrating light [Yang et al., 2008].  

Extending the time period of the photocatalytic decomposition of simulated effluent 

with 1.5g/L of P25 TiO2 under solar simulator results in COD reduction of 45.3, 66.7 and 

78.5% after 3, 4 and 5 h of treatment time, respectively (Fig 4.42). Keeping in view of 

T
O

C
 (

m
g

/L
) 
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sluggish increase in degradation efficiency with increased duration, 4h of photocatalytic 

treatment was selected as suitable time period for the application of post biological treatment.  

Moreover, Biodegradability assessment in terms of BOD5/COD ratio was found to 

increase from 0.23 to 0.42 after 4h of irradiation. Several other studies from literature also 

documented increase in biodegradability as a result of photocatalytic treatment of 

real/simulated industrial effluents [Adameka et al., 2016; Lutterbeck et al., 2015; 

Varatharajan et al., 2007]. 

 

 

Fig 4.41 Effect of catalyst dose for degradation of simulated effluent in AOP treatment 

[Time =1 h] 

 

 

 

 

(a) 
(b) 
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Fig 4.42  (a) COD removal (b) BOD removal (c) BOD5/COD ratio in independent AOP 

treatment 

 

4.7.2 Independent biological treatment 

Simulated effluent was subjected to independent biological treatment with activated 

sludge from waste water treatment plant, Kipps lane, London, Ontario, so as to assess its 

degradation efficacy. As, microbial activity is strongly dependent on the sludge concentration 

as well as temperature of the reaction medium, so experiments were performed to adjudge the 

optimal sludge concentration and temperature. Sample was treated at natural pH of 6.9 with a 

sludge concentration of 2, 5, 10 & 15% in an incubator maintained at a temperature of 27ºC 

with continuous aeration and stirring for a period of 48 h. 

Results indicate that 2% of sludge concentration resulted in 29.0 and 24.0% reduction 

of BOD and COD, respectively after 48 hof treatment (Fig 4.43). The low degradation 

efficacy may be attributed to comparatively high organic loading in simulated effluent with 

insufficient quantity of microbial biota. Using 5% activated sludge, BOD removal of 32.0& 

37.0%, while COD removal of 32.0& 38.0%,was attained after 24 and 48h of treatment, 

respectively. Further increase in sludge concentration to 15% results in reduced degradation 

efficacy which may be because of the increase in MLSS that perturbs the biomass to food 

ratio as well as reduced transfer of oxygen, due to which survival of microbial community 

gets hampered and hence, leads to reduction in degradation efficiency. 

In order to analyse the effect of temperature on biological activity of microorganisms, 

simulated effluent with optimal sludge concentration of 5% was subjected to biological 

treatment at two other temperatures of 20 and 37ºC. Results indicate that as the temperature 

was increased from 20 to 37ºC, there was gradual increase in the degradation efficiency 

which may be attributed to the increase in metabolic activity at elevated temperatures. BOD 

and COD removal of 46.3 and 46.2% was found at 37ºC, whereas removal of 37.0 and 32.0% 

(c) 
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was observed at 20ºC, respectively after time period of 48h as shown in Fig 4.44. Hence, 5% 

of sludge concentration and 37
o
C was considered as an optimal sludge concentration and 

temperature, respectively for biological treatment. 

 

Table 4.18 Variation of COD removal in Biological treatment 

 2% Sludge 5% Sludge 10% sludge 15% sludge 

Time(

h) 

20ºC 27º C 37º C 20º C 27º C 37ºC 20ºC 27ºC 37ºC 20ºC 27º C 37º C 

0 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

3 

3% 6% 11% 6% 9% 19% 4% 8% 12% 5% 10% 7% 

6 

6% 9% 21% 12% 15% 25% 11% 14% 18% 9% 12% 13% 

12 

12% 14% 29% 18% 26% 31.8% 16% 22% 26% 21% 21% 24% 

24 

15% 20% 31% 24% 32% 34.6% 20% 29% 32% 24% 29% 31% 

48 

19% 24% 39% 32% 38% 46.2% 31% 34% 39% 31% 36% 36% 

 

 

Table 4.19 Variation of BOD removal in alone Biological treatment 

 2% Sludge 5% Sludge 10% sludge 15% sludge 

Time 

(h) 

20ºC 27º C 37º C 20º C 27º 

C 

37ºC 20ºC 27ºC 37ºC 20ºC 27º C 37º C 

0 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

3 
7% 10% 14% 10% 11% 18% 8% 8% 14% 6% 9% 10% 

6 
9% 14% 19% 21% 21% 25% 9% 16% 19% 7% 12% 14% 

12 
11% 18% 26% 25% 25% 31.8% 12% 21% 26% 11% 19% 21% 

24 
16% 21% 32% 32% 32% 34.6% 17% 24% 27% 14% 22% 24% 

48 
21% 29% 37% 37% 37% 46.3% 24% 31% 39% 21% 27% 32% 
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Fig 4.43 BOD and COD removal for Individual Biological Treatment 

4.7.3Sequential photocatalytic-biological treatment 

The phototreatment stage of the sequential system was intended to obtain a 

phototreated solution which is biologically compatible, after elimination of the initial bio-

recalcitrant compound and the inhibitory intermediates. Determination of biodegradability of 

the phototreated effluent, allow us to determine an optimal phototreatment time required in 

the illuminated reactor of the sequential system. This time corresponds to the best 

compromise between the efficiency of the phototreatment and its cost. The shortest 

phototreatment time is desired to avoid long irradiation periods and the consequent high 

electrical consumption. In order to economize the treatment process, photocatalytic process 

needs to be employed in combination with existing biological treatment. Keeping in view of 

the low biodegradability of simulated effluent, photocatalytic treatment under solar simulator 

was employed prior to biological treatment.  

Simulated effluent (1000ml) was subjected to prior photocatalytic treatment in 10 

different sets with a time period varying from 0.5 to 5.0h with a gap of 0.5h under optimized 

conditions (1.5g/L of P25 TiO2 at natural pH of 6.9 in solar simulator with intensity of 1000 

W/m
2
). Degradation efficacy was assessed in terms of BOD and COD removal. Every photo-

treated set was further subjected to biological treatment under optimized conditions (37ºC, 

5% sludge concentration) for a period of 48h. Fig 4.44 shows that 0.5h of photocatalytic 

treatment, followed by 48h of biological treatment results in 55.9 and 43.6% of COD & BOD 

removal, respectively. Whereas, 4.2 and 46.2% of COD removal was achieved in 

independent photocatalytic (0.5 h) and biological treatment (48h), respectively. 
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After 4h of photocatalytic treatment, BOD and COD removal of 58.6 and 66.7%, 

respectively was achieved under optimized conditions, whereas, the sequential treatment (4h 

of photo + 48h of Bio treatment) attained BOD and COD removal of 90.5 and 80.8%, 

respectively. The final TOC of this sequential treatment reduced to 40.11mg/L from 

1301mg/L. The results indicate that the biodegradability was enhanced from 0.23 to 0.42 by 

the prior photocatalytic oxidation, which may be due to the conversion of the non-

biodegradable organic substrates into more biodegradable compounds and the subsequent 

biological treatment becomes more effective. Further, increasing the time period beyond 4h, 

did not show any significant reduction in BOD and COD. Similarly, increasing the time 

period from 48 to 72 h in biological step of a sequential treatment yielded inappreciable 

change in the degradation efficacy. For instance, 93.7 and 95.0% COD reductions were 

achieved with 5h of Photo followed by 48 and 72 h of bio treatment, respectively. So, 

sequential treatment (4 h of solar induced Photocatalytic treatmentfollowed by 48 h of 

Biological treatment) was found to be more appropriate in the degradation of simulated 

effluents when compared to either of the independent photocatalytic or biological treatments. 
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Fig 4.44 Photocatalytic + biological treatment for (a) COD and (b) BOD reduction  
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5.0 CONCLUSION  

The present study is focussed on the degradation of pharmaceutical model compounds 

such as Aspirin, Ibuprofen, Ofloxacin and Atenolol through photocatalytic treatment under 

UV/solar irradiations. The degradation of model compounds were examined using 

commercial photocatalyst and lab synthesized doped photocatalyst. Graphene based 

composites were synthesized and their efficacy was evaluated under slurry/ immobilized 

mode for the degradation of Atenolol. Optimization of process parameters was conducted 

using BBD technique.Simulated pharmaceutical effluent was subjected to independent 

photocatalytic, biological and integrated treatment systems. An attempt was made to 

introduce photocatalytic treatment as a pre-treatment stepprior to existing biological 

treatment so as to maximize the degradation efficiency with little modifications and minimum 

input cost. The outcomes of the present study are summarized as follows:  

1. Heterogeneous photocatalytic degradation is an effective method for the degradation 

persistent organic contaminants such as pharmaceuticals. 

2. Photocatalytic degradation of all model compounds (Aspirin, Ibuprofen, Ofloxacin 

and Atenolol) was facilitated in the presence of catalyst. Experimental results indicate 

that initial rate of photodegradation of each compound increased with increase in 

catalyst dose upto an optimum loading. The rate of photocatalytic degradation was 

also strongly influenced by the pH of the solution. 

3. Fe-TiO2catalyst was synthesized using solgel method and was characterized for 

surface area, particle size and morphology. The BET surface area of Fe–TiO2 was 

found to be 72 m
2
/g. Doped catalyst showed better solar photocatalytic performance 

when compared to P25 TiO2 in the degradation of Aspirin which may be due to 

shifting of absorbance spectrum into visible region. The degradation process with Fe-

TiO2followed the first order kinetics with rate constant of 1.0095min
-1

.  

4. Among various Bi-doped TiO2 materials, the one doped with 0.25 wt% Bi showed the 

highest photocatalytic activity for degradation of Ibuprofen (IBP) under solar light.  

5. Similarly, among various dopant concentration of Ni doped TiO2 photocatalyst, 

0.5wt% was found to be more effective in the degradation of IBP. 

6. The orders of photocatalytic degradation of IBP using various catalyst was observed 

to be in the order of: Bi–TiO2 (0.25wt %)> P25 TiO2> Ni–TiO2 (0.5wt %) with rate 

constants of 0.0064, 0.0046 & 0.0043 min
-1

, respectively. 
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7. Comparison of the photocatalytic activity of Bi-Ni codoped TiO2 with P25 TiO2 under 

solar light indicate former to be better degrading catalyst than the latter in the 

degradation of the OFL. 

8. TiO2-G composite was prepared by hydrothermal method and the synthesized 

composites showed improved performance in photocatalytic degradation of Atenolol 

under simulated solar illumination. Complete TOC removal was obtained in 7h for 

Atenolol degradation.  

9. ZnO-G was observed to be a better photocatalytic player when compared to TiO2-Gas 

well as commercial ZnO under similar experimental conditions. It can be concluded 

that there is great potential for graphene-based composites for photocatalytic 

applications. 

10. The Box–Behnken design was employed to optimize process parameters of 

photocatalytic degradation of atenolol using graphene based composites under slurry/ 

immobilized mode. The desired removal of Atenolol has been achieved by choosing 

the predicted conditions of the developed models.  

11. Photocatalytic experiments under immobilized mode showed that TiO2-G was a better 

photocatalyst when compared to P25 TiO2in UV irradiations.  It was found that at 

optimum conditions, the observed rate of degradation was 35% more in slurry system 

when compared to immobilized system. Although the slurry mode achieved higher 

degradation than immobilized mode, but the latter is practically more feasible at 

industrial scale. 

12. Treatment of simulated effluent by independent photocatalytic and biological 

treatment did not resulted in their complete degradation, so sequential treatment was 

necessary for their effective degradation. 

13. Due to the low biodegradability of simulated effluent, the prior photocatalytic 

pretreatment was necessary and the minimum pretreatment time required to increase 

biodegradability was identified, so that the effluent may subsequently be subjected to 

aerobic biological treatment.  

14. Sequential 4h of solar/TiO2 followed by 48h of biological treatment resulted in the 

reduction of Total Organic Carbon (TOC) of the simulated effluent to 96.9%, so 

integration of existing biological processes with solar induced photocatalytic 

treatment was observed to be more effective in the treatment of simulated effluent. 
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Solar Light Induced Photocatalytic Degradation of
Aspirin Using Doped TiO2 Nanoparticles
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The photocatalytic degradation of aspirin has been studied using TiO2 and Fe3+ doped TiO2 in both
UV and solar light irradiations. Fe doped TiO2 was prepared by sol–gel technique and characterized
by X-ray diffraction, scanning electron microscope and Brunner Emmer Teller (BET) analysis. The
crystallize size and BET surface area of Fe–TiO2 was found to be 20.99 nm and 72 m2/g respec-
tively. It was observed that the absorption of Fe–TiO2 shifted to longer wavelength and found to be
higher in visible light which might be responsible for its improved activity under solar irradiations.
The effect of experimental parameters such as pH, catalyst concentration, reaction kinetics and
source of light were also investigated. The results indicated that degradation of aspirin was 72%
with Degussa TiO2 (D) in 6 hours whereas 96% degradation was achieved with Fe–TiO2 under
solar irradiations in the same duration which is likely because of higher surface area of Fe–TiO2.
These findings were confirmed with chromatographic analysis. Under UV irradiation, higher degra-
dation efficiency was attained with TiO2 (D) when compared to Fe–TiO2 as the doping energy level
of Fe ions in the band gap of TiO2 act as the recombination centre of photo generated electrons
and holes, leading to lower photocatalytic performance of Fe–TiO2 than the corresponding undoped
photocatalysts.

Keywords: Aspirin, Photocatalysis, Doped, Fe–TiO2, Degradation.

1. INTRODUCTION
Pharmaceutical compounds are of major concern in today’s
era as their concentration is increasing day by day due
to human consumption and their excretion in wastewater.
These compounds generally enter the environment through
different pathways, resulting in the contamination of sur-
face/underground water. Diverse studies have revealed the
presence of ibuprofen, acetaminophen, aspirin, and car-
bamazepine in different water bodies.1–3 Now a days,
the presence of non-steroidal anti-inflammatory drugs
(NSAIDs) has been extensively observed in drinking
water.4 These are the most frequently prescribed medicines
to treat fever, pain, arthritis etc. and aspirin belongs to
this class of medications In addition to its effects on pain,
fever, and inflammation, aspirin also has an important
inhibitory effect on platelets in blood. This antiplatelet
effect helps to prevent blood clot formation inside arteries,
specifically in persons who have atherosclerosis (narrow-
ing of the blood vessels), or are prone to expand blood

∗Author to whom correspondence should be addressed.

clots in their arteries, thus preventing heart attack and
strokes. It has been reported that rate of hydrolysis of
aspirin to its metabolites is 4 �g per minutes in human
urine at normal body temperature.5 Aspirin is produced
and consumed in large amount, thereby increasing its con-
centration in waste water and surface/groundwater which
affects the aquatic ecosystem.
Conventional wastewater treatment processes cannot

completely eliminate drug residues and their metabolites.
Generally their treatment involves bioremediation which is
inefficient in the removal of pharmaceutical compounds.
Previous studies have demonstrated that pharmaceutical
compounds are only moderately removed by biological
treatment.1�2�6 The concern of regarding accumulation of
such substances and their consequent human contact has
stimulated the development of advanced methods for their
removal to avoid the contamination of aquatic environ-
ment. Advanced oxidation processes (AOPs) including het-
erogeneous photocatalysis have proved to be one of the
most efficient methods for water treatment.7–9 These pro-
cesses are based on the generation of hydroxyl radicals
(·OH) which oxidize a broad series of organic pollutants
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that could be present in water.10�11 Titanium dioxide (TiO2�
has been reported to be one the most popular and effi-
cient phototocatalysts in the degradation of some antibi-
otics such as Lincomycin, tetracycline, oxolinic acid, and
fluoroquinolone.12�13 Generally TiO2 shows higher effi-
ciency in UV light when compared to solar light.14 Ref-
erences [15] reported the use of UV/TiO2 to achieve 90%
TOC reduction of erythromycin (ERM) after 90 minutes
of reaction with 250 mg L−1 TiO2. Similarly 82% of
sulfamethoxazole degradation and 23% TOC removal by
UV/TiO2 in 6 hours has been reported by Ref. [16]. Ref-
erence [17] studied photocatalytic degradation of aspirin
in aqueous solution using TiO2 as photocatalyst under UV
irradiation and obtained 73% degradation of the model
compound. Another group of researchers18�19 investigated
the photocatalytic degradation of Diclofenac and paraceta-
mol in batch reactor using TiO2 and observed that the resid-
ual concentration of these drugs decreased with increase in
catalyst dose. Reference [20] reported that photocatalysis
was more efficient than photolysis for the degradation of
Bezofibrate in the presence of TiO2/solar system. Reference
[21] analyzed that the initial concentration of diclofenac
(200 mg/L) decreased to 75% within 120 minutes under
simulated solar irradiations using TiO2 as photocatalyst.
Photocatalytic degradation of amoxicillin using TiO2 under
solar radiation has been reported to be 71%.22

Different doping methods such as sol gel, co-
precipitation, hydrothermal and impregnation have been
used to impregnate the uniform distribution of dopant into
the crystal lattice so as to increase its activity. Anionic
impurities such as N, C, S, B and P have been utilized
as dopants for extending the optical absorption of TiO2 to
the visible region of the spectrum.23 Recent research find-
ings have revealed that sol gel method is the most com-
monly used method for preparation of TiO2 or doped TiO2

since nanocrystals synthesized are of high purity at low
temperatures.24–27

Reference [28] synthesized TiO2 using co-precipitation
method at different calcination temperatures (400–650 �C)
and studied its photocatalytic degradation efficiency of
the degradation of methylene blue. It was reported that
maximum degradation of 92% was attained with catalyst
calcined at 450 �C. Similarly,29 analyzed degradation of
methylene blue with nitrogen doped TiO2 prepared by sol
gel method at the calcinations temperature ranging from
300–700 �C and found that maximum degradation of 98%
was attained with catalyst calcined at 500 �C.
Reference [30] studied the degradation of diclofenac

drug was studied by photocatalytic process using Zr–TiO2

and bare TiO2 and found that Zr–TiO2 exhibited better pho-
tocatalytic activity when compared to bare TiO2. Reference
[31] studied photocatalytic degradation of dizinon with
FeFNS-doped TiO2 in presence of UV LED and achieved
96.3% degradation in 100 minutes of irradiation exposure.
It was stated that prepared Fe3+ doped TiO2 extends its

absorption wavelength, near to 500 nm. Moreover, XRD,
EPR, AAS and XPS analyses showed that Fe exist in triva-
lent ionic state substituting Ti4+ in TiO2 lattice and its con-
centration decreased from surface to the center of doped
TiO2.

32 Reference [33] reported that the crystallite size and
the particle size of the Fe3+ doped TiO2 were smaller than
those of U-TiO2 (without doping), which could signify that
the presence of Fe3+ in the reaction media might be used to
control the particle and crystallite sizes of the oxides. More-
over, increasing the Fe3+ ion concentration decreased the
particle size, which resulted in larger surface area of cat-
alyst that would further promote its photocatalytic perfor-
mance. The optimized doping concentration of Fe3+ con-
tent in Fe doped TiO2 was reported to be 0.5%.34

The literature studies on the photocatalytic degradation
of pharmaceutical in aqueous solution did not address its
photocatalytic oxidation using doped photocatalyst in solar
light. Keeping this in view, the current study is focused
on the degradation efficacy of aspirin using Fe3+ doped
TiO2 and its comparison with commercially available TiO2

(Degussa P25) under natural and artificial light sources.

2. EXPERIMENTAL DETAILS
2.1. Materials
Aspirin was purchased from Aldrich, USA. Titanium diox-
ide (Degussa P25) was procured from Degussa Corpora-
tion, Germany. Ethanol, Titanium Isopropoxide (TIP), Iron
nitrate (analytical grade) and Acetonitrile was purchased
from Merck. 1 M NaOH and 1 M HCl were used to adjust
the pH in alkaline and acidic range. All chemicals were
used as received without further purification. The structure
of aspirin is shown in Figure 1.

2.2. Preparation of Fe–TiO2 Nanoparticles
Fe doped TiO2 (0.5 wt%) was prepared using sol gel
method with Titanium isopropoxide (TIP) as precursor.
2.5 mL of TIP was added drop by drop to a solution of
10 mL ethanol and 2.5 mL acetylacetone at room tem-
perature and stirred for 30 minutes. Then 2 mL distilled
water was added to above solution and pH was adjusted to
1.8 with 1 N HCl. Required quantity of FeNO3 was added
into prepared solution and a stable sol was finally obtained
after stirring for 2 h. Then concentrated solution was placed
at 90 �C for drying and dried powder was calcined at 400 �C
for 2 h.

2.3. Characterizations of the Prepared Nanoparticles
The powder X-ray diffraction (XRD) analysis was per-
formed at room temperature using Philips X-Ray diffrac-
tometer (Cuk�� = 0�154 nm) to study the crystal phase
of the products. SEM images were obtained with Philips
scanning electron microscope. The band gap was ana-
lyzed using UV spectrophotometer. The BET surface
area of samples was analyzed by N2 adsorption analyzer
(NOVA2000e) USA.
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Figure 1. Chemical structure of aspirin.

2.4. Photocatalytic Performance of the Prepared
Nanoparticles

Photocatalytic degradation experiments were carried out in
indigenously designed UV light chamber having dimen-
sions 45× 28× 28 inch. The chamber consisted of seven
lone wave 36 W UV tubes (�max = 365 nm) each hav-
ing intensity of 1.6 W/m2 serving four Pyrex glass reac-
tor units. The power consumption per glass reactor was
found to be 63 W. In each set of experiments, 150 mL
of aspirin solution (25 mg/L) was kept in the glass reac-
tor and mixed with pre determined quantity of TiO2. This
slurry was agitated with a magnetic stirrer and aerated with
sparger. 5 mL of aliquot was pipetted out every hour from
the reactor and was centrifuged to take apart the catalyst.
The UV absorbance spectrum of the sample was taken. To
determine the degradation of aspirin solution, HPLC was
performed using shimadzu UV/VIS Diode array detector
SPD-M20A and shimadzu LC-20AD pumps with 20 �L
sample loop. The flow rate was set as 1 mL/min using C18
column with solvent system water/Acetonitrile (85/15) tak-
ing absorbance at 254 nm.

2.5. UV LED Reactor
The reactor having UV-LED as an irradiation source was
made up of wood with dimensions of 45′′ ×28′′ ×28′′ and
inner lining of cast iron which absorbs excessive heat. The
reactor was divided into three chambers using sliding cast
iron sheets. The whole chamber was painted black from
inner side. The first chamber which was used in this study
consists of 10 watts UV LED (wavelength of 365 nm).

3. RESULTS AND DISCUSSION
The photocatalytic degradation of aspirin was analyzed
using Fe doped TiO2 and commercially available TiO2

(Degussa) under both UV and solar irradiations. The
degradation efficiency was assessed at 290 nm. The effect
of operational parameters like pH, catalyst dose, type of
catalyst and effect of light source were assessed to attain
maximum degradation of model compound.

3.1. Characterization of Fe Doped TiO2 Nanoparticles
Fe doped TiO2 was prepared using solgel method as
described in Section 2.2 and its characterization was done
to analyze various parameters such as particle size, surface
morphology and surface area using XRD, SEM and BET,
respectively.
Figures 2(a) and (b) depicts the XRD patterns of 0.5%

Fe doped TiO2 and TiO2 (D). It can be seen that the XRD
of Fe doped TiO2 sample almost coincides with that of
TiO2 (D) and there is no diffraction peak due to metal ions
species, thus depicting that the metal particles are well dis-
persed on TiO2 surface. It can also be observed that dop-
ing with metal ions does not disturb the crystal structure
of anatase TiO2 indicating the metal dopants are placed
on surface of crystal. Diffractions that are attributable to
anatase TiO2 are clearly present in the calcined materials.
SEM image of Fe–TiO2 (Fig. 3(a)) indicates that the

particles have spherical morphology and the presence of
ferric ions on the surface of TiO2 is not uniform. The
image also shows that Fe–TiO2 catalyst contains irregular
particles which are the aggregation of tiny crystals. How-
ever, it cannot be ignored that some Fe particles are too
small to be identified at the resolution of used microscope.
EDS analysis performed for Fe doped TiO2 presented in
Figure 3(b) shows that 0.5% (by wt.) Fe–TiO2 contains
0.41% of Fe content. The SEM image of pure TiO2 shows
that size of Titanium dioxide particles is even.
In general, the surface area of a catalyst is the most

important factor influencing its catalytic activity. The sur-
face area of Fe–TiO2 was determined using nitrogen gas
adsorption method and was found to be 72 m2/g, which
is higher than that of TiO2 (D). Fe doping has an effect
on the crystallization of TiO2 and may prevent particle
agglomeration, forming well-defined nanocrystalline par-
ticles with high surface area. With the integration of Fe
dopants during the sol–gel preparation technique, there
was crystal growth suppression, favoring the formation of
smaller TiO2 crystallite. This effect may be due to the

Figure 2. Typical XRD pattern of TiO2 (Degussa) and Fe-doped TiO2

nanoparticles.
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Figure 3. Typical SEM images of synthesized Fe-doped TiO2 nanopar-
ticles; inset shows the EDS spectrum of as-synthesized Fe-doped TiO2

nanoparticles.

enhanced lattice strain in the doped TiO2 network. Further-
more, this higher surface area values may also be because
of the removal of nitrate from the crystal during calcina-
tions at temperature of 400 �C. It increases the porosity of
surface which ultimately increases the surface area of the
doped TiO2 than undoped one. Similar observations have
also been reported for the degradation of rhodamine B dye
and methylene blue dye with doped TiO2 catalyst prepared
by solgel method.35�36

3.2. Photocatalytic Degradation of Aspirin Using
Fe-Doped TiO2 Nanoparticles

The photocatalytic degradation of aspirin was analyzed
using Fe doped TiO2 and TiO2 (D) under UV irradiations
and the degradation efficacy of doped catalyst were com-
pared with that of TiO2 (D). Thereafter, the effect of vari-
ous operational parameters like pH and catalyst dose was
assessed.

3.2.1. Effect of pH
The initial pH of the simulated aspirin solution was 4.6.
It was varied from 3 to 10 (Fig. 4) in order to assess its

Figure 4. Effect of pH on the degradation of aspirin under UV light
irradiation

impact on the degradation efficiency. The maximum degra-
dation of 48% and 72% was obtained at pH 6 after 6 h of
UV exposure with Fe–TiO2 and TiO2 (D), respectively. pH
of the treated solution was also analyzed every hour and it
was observed that there was decrease in pH of treated solu-
tion every time. Decrease in solution pH was considered
as an indication for the degradation of model compound.
This behavior may be attributed to the fact that variation in
pH leads to alteration in properties of catalyst and aqueous
solution, due to acid base equilibrium of hydroxyl radi-
cal. References [37, 38] also documented that there is a
considerable dependence of the photocatalytic degradation
efficiency on pH value, as the overall surface charge and
hence the adsorptive properties of TiO2 particles depend
robustly on solution pH.

3.2.2. Effect of Catalyst Loading
The effect of catalyst dose on the degradation was assessed
by varying catalyst concentration from 0.5–2.0 g/L under
UV irradiation for 6 h. Figures 5(a) and (b) shows the
aspirin degradation curves with different doses of catalyst
for both Fe–TiO2 and TiO2 (D) photocatalysts, respec-
tively. Degradation of aspirin increased with increasing
catalyst loading up to 1 g/L with both photocatalysts,
which may be attributed to the fact that the number of pho-
tons and the number of model molecules adsorbed increase
with increase in the number of catalyst molecules. Beyond
1g/L of catalyst dose, the degradation efficacy decreased,
it may be due to increase in the turbidity of the solution,
which hinder with penetration of light transmission.

3.2.3. Comparison of UV-LED/UV-TUBE as Light
Source

The degradation efficiency of aspirin solution (25 mg/L)
was analyzed using Fe–TiO2 and TiO2 (D) under opti-
mized conditions using two different light sources viz UV
Tube and UV LED. The degradation efficiency with UV
LED (10 W) was found to be 81% and with UV tubes
(63 W) 70% using TiO2 (D) as shown in (Fig. 6). However
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Figure 5. Effect of catalyst loading on degradation of aspirin (a) TiO2

(D) and (b) Fe-doped TiO2 nanoparticles.

with Fe–TiO2� 58% degradation efficiency was achieved
with UV LED, and 48% degradation was observed with
UV tube as an irradiation source respectively. Thus, higher
degradation efficiency was observed with UV LED as light
source at much lower power consumption, which would

Figure 6. Comparison of degradation efficiency in presence of various
types of catalysts

Figure 7. Effect of light source on degradation efficiency of aspirin

subsequently reduce the operational cost of photocatalytic
processes.

3.2.4. Solar Light Induced Photocatalytic Degradation
Aspirin solution (25 mg/L) was also treated with Fe–
TiO2 and TiO2 (D) under solar irradiations at optimized
conditions of pH and catalyst dose for 6 h. Under solar

Figure 8. Kinetic analysis (a) TiO2 (D), and (b) Fe-doped TiO2

nanoparticles.
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irradiations, Fe–TiO2 and TiO2 (D) showed 96% and
72% degradation of aspirin solution (25 mg/L) respec-
tively under optimized conditions of pH and catalyst dose
(Fig. 7). The better photocatalytic activity shown by Fe–
TiO2 can be explained on the basis of higher absorption of
light in visible region and secondly iron being an accep-
tor impurity in doping of TiO2, acts as an electron trap
and prevents the electron hole recombination. Zhu et al.32

also reported that Fe3+ doped TiO2 prepared using sol–
gel method, extends its absorption to visible region, which
leads to an enhanced photocatalytic activity under solar
irradiations.

3.2.5. Kinetic Studies
Kinetic studies for degradation of aspirin (25 mg/L) with
catalyst dose of 1 g/L at pH 6 were carried out to find the
reaction rate constant and order of reaction with Fe–TiO2

and TiO2 (D) as photocatalysts under solar irradiations.
The plot of lnC/C0 v/s time gave straight line as shown
in (Fig. 8) and the correlation constant was found to be
0.9618 and 0.9936 for TiO2 (D) and Fe–TiO2 respectively.
Rate constant was calculated as 0.275 and 1.0094 for TiO2

(D) and Fe–TiO2 respectively. The results revealed that
photocatalytic degradation of model compound followed
first order kinetics by using ln�C/C0� = kt, where C0

denotes initial concentration and C denotes the concentra-
tion at any time t.

Figure 9. HPLC of initially and photocatalytically treated samples after
different UV irradiation time.

3.2.6. Degradation Studies
HPLC technique was used to determine the photocatalytic
intermediates of aspirin compound. Figure 9 shows the
HPLC profiles recorded at 254 nm corresponding to the
original aspirin solution (25 mg/L) and after treatment upto
6 h with a gap of every 1 h. Initially, strong peak was
observed at retention time (tR� of 4.8 minutes which cor-
responds to that of aspirin and it was observed that as the
time of photocatalytic treatment increased, the peak area
was decreasing which confirms that the model compound
was degrading with time.

4. CONCLUSIONS
The photocatalytic degradation of aspirin solutions was
investigated with Fe doped and commercial available TiO2

catalyst illuminated with UV Tube/UV LED and solar
light. Doped catalyst was characterized using XRD, SEM,
BET, UV-visible spectrophotometer. The BET surface area
of Fe–TiO2 was found to be 72 m2/g. Doped catalyst
showed better photocatalytic performance than TiO2 (D).
The enhanced activity of Fe–TiO2 may be due to shifting
of absorbance spectrum into visible region. The adsorption
of aspirin solution over the catalyst surface was found to
be maximum at pH 6 and the optimum dose of catalyst was
found to be 1.0 g/L. The results indicated that the aspirin
was degraded upto 96% by 0.5% Fe–TiO2 under solar
irradiations. The degradation process followed the first
order rate kinetics which was represented by Langmuir-
Hinshelwood equation. The degradation of the model com-
pound was also confirmed with the reduction of peak in
the chromatographic analysis.
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A B S T R A C T

Bismuth (Bi) and Nickel (Ni) Doped Titanium Dioxide (TiO2) 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 to 1.0 wt%. Maximum BET
surface area of 47.8 and 45.7 m2/g was observed with 0.25 wt% Bi–TiO2 and 0.5 wt% Ni–TiO2, respectively.
EDX analysis has established the presence of 0.21% Bi ions and 0.36% Ni ions in 0.25 wt% Bi doped TiO2 and
0.5 wt% Ni doped TiO2, respectively. Band gap of Bi–TiO2 (0.25 wt%) and Ni–TiO2 (0.5 wt%) was obtained to
be 2.99 eV, which is found to be minimum among the various synthesized catalysts. The photocatalytic
activity of synthesized catalysts were tested and compared with Degussa TiO2 for degradation of
Ibuprofen (IBP) as a model compound. Bi–TiO2 nanoparticles revealed higher photocatalytic activity
when compared to Ni–TiO2 or Degussa TiO2 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–TiO2 photocatalyst under 6 h of illuminations with a solar light, whereas, 78% degradation
has been achieved under similar experimental condition with Ni doped TiO2. 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�1 with Bi and Ni doped TiO2,
respectively.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The existence of pharmaceuticals compounds and its residues
has been reported frequently in literature [11,6] thus, receiving
increasing attention as an emerging environmental issue. Numer-
ous 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 10 ng/L to 169 mg/L [16].
Sources of these contaminants are primarily the domestic waste
water due to excretion of non-metabolized drugs by animal or
human urine and faeces. 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
(H2O2) generated by UV-irritated [12]. The derivatives after AOPs
have been reported to be degraded by biological oxidation [19].

Although, TiO2 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 commer-
cialization of this technology. For this reason, recent research laid
prominence on catalyst doping with transition and noble metals
[19]. Achilleos et al. investigated the degradation of IBP and
carbamazepine using Degussa TiO2 and it was documented that
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60% of compound was degraded within 120 min of irradiation time
[1]. 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
BiVO4, Bi2O3, and bismuth-doped TiO2 are remarkable visible light
lively photocatalysts for degradation of organic pollutants,
hydrogen generation and dye-sensitized solar cell applications
[18,8,23,21,7].

The literature studies on the photocatalytic degradation of
pharmaceuticals in aqueous streams did not address its photo-
catalytic oxidation using doped photocatalyst under solar irradi-
ations. 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 TiO2 with different
concentrations of dopants under UV/Solar irradiations and the
degradation efficiency was compared with commercially available
TiO2.

2. Experimental

2.1. Materials

All the chemicals used in this study were of analytical grade and
were used as such without further purification. Titanium dioxide
(TiO2 (D)) was procured from Degussa Corporation, Germany.
Ibuprofen (>99% pure) was obtained from Sigma–Aldrich. Bi (NO3)
5H2O and Ni (NO3) 5H2O 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–TiO2 and Ni–TiO2

Doped TiO2 was prepared using solgel method with Titanium
isopropoxide (TIP) as precursor. 2.5 ml of TIP was added drop by
drop to a solution of 10 mL ethanol and 2.5 mL acetylacetone at
room temperature and stirred for 30 min. Then 2 mL distilled water
was added to above solution. Calculated amount of Bi (NO3) 5H2O
and Ni (NO3) 5H2O were added respectively into prepared solution
so as to prepare appropriate concentration of dopant and a stable
sol was finally obtained after stirring for 2 h. Afterwards,
concentrated solution was placed at 90 �C for drying and dried
powder was calcined at 400 �C for 2 h.

2.3. Characterization of synthesized catalyst

The powder X-ray diffraction (XRD) was done at room
temperature using X-ray diffractometer (Cuka l = 0.154 nm) 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 2u range of 20–70�. The

crystallite size of the particles was calculated using Scherrer’s
equation (Eq. (1)).

D ¼ Kl
bCosu

ð1Þ

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 spectrophotophotom-
eter of Hitachi U3900H at wavelength range of 190–800 nm.

2.4. Photocatalytic reactor and degradation methodology

Ibuprofen (IBP) was subjected to photocatalytic treatment in
the presence of synthesized photo catalysts and TiO2 (D). Photo-
catalytic 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 254 nm placed at top of the reactor.
Initially photodegradation of IBP (25 ppm) was assessed using TiO2

by varying the catalyst dose from 0.5 to 2.5 g/L and pH from 3 to
10 under UV/solar irradiations. Afterwards IBP was subjected to
photodegradation using various lab synthesized catalyst with
varying dopant concentration (0.25–1.0 wt%) at 2 g/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 1 h, 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/m2 during the
study period.

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 min, sample was pipetted out from the broth for centrifugation
to separate nanoparticles and subsequently, the drug concentra-
tion 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 2u range of 20–70� as shown in Fig. 2. No
noteworthy shift in XRD peaks of Bi–TiO2 and Ni–TiO2 compared
with Degussa TiO2 has been observed indicating that Bi3+ did not
move in the lattice to substitute Ti4+ particles. It may be due to
higher radius of Bi3+ (1.03 Å) than that of Ti4+ (0.68 Å). The bismuth
in the TiO2 surface may increase the charge separation. Similar
observation has been reported by Rengraj et al. [15] and Xu et al.
[22] where doping of TiO2 with Bi did not show any substantial
variation in peaks of XRD. The reason for stabilizing Ni doped TiO2

at lower levels has been credited to the almost similar ionic radius
of Ni+2 (0.72 Å) to that of Ti+4 (0.68 Å), which was found to replace
some portion of Ti+4 ions in TiO2 lattice [25,24,20,4,9].Fig. 1. Structure of ibuprofen.
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The morphology of doped photocatalysts was analyzed by SEM.
Fig. 3 depicted that particles have spherical shape and agglomera-
tion had taken place. The EDS analysis of doped TiO2 showed
significant presence of Ni and Bi in synthesized samples. The
analytical results from EDS are in realistic arrangement with 0.25–
1.0 wt% of Bi3+ and Ni ions doped into TiO2. 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
0.25–1.0 wt% range of doped Bi–TiO2 and Ni–TiO2. From EDS
analysis (Table 1), it has been observed that in 0.25 wt% of Bi–TiO2

and Ni–TiO2, 0.21 and 0.19% of Bi and Ni ions were present,
respectively. Subsequently variations have been found in
0.25–1.0 wt% of Bi–TiO2 and Ni–TiO2.

3.1.1. 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 0.25 wt% Ni, the crystallite size was
observed to be 13.84 nm and the surface area value was 41.71 m2/g
as shown in Table 2. As the dopant concentration was increased to
0.5 wt%, the crystallite size value decreased to 10.3 nm and the
surface area value increased to 45.70 m2/g. These results suggest
that TiO2 doped with Ni (<0.5 wt%) dopant concentration
effectively inhibits TiO2 grain growth possibly by remaining at
boundaries of the grain thereby, increasing the crystallite size and
decreasing the surface area [8,2,20,9]. The decrease in growth of

Fig. 2. XRD pattern of synthesized (1a) 0.25 wt% Ni–TiO2 (1b) 0.5 wt% Ni–TiO2 (1c) 1.0 wt% Ni–TiO2, (2a) 0.25 wt% Bi–TiO2 (2b) 0.5 wt% Bi–TiO2 (2c) 1.0 wt% Bi–TiO2.
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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 0.25 wt%, leads
to increase in crystalline size and decrease in surface area of
synthesized catalyst.

However in case of Bi–TiO2, it was observed that the surface
area and crystal size was found to be as 47.8 m2/g and 12.4 nm,

respectively for dopant concentration of 0.25 wt%. Further, by
increasing the dopant concentration from 0.25 wt% to 1.0 wt%, the
decrease in surface area and increase in crystalline size was
observed which may likely decrease the photocatalytic activity as
shown in Table 3.

Fig. 3. SEM images of synthesized (1a) 0.25 wt% Ni–TiO2 (1b) 0.5 wt% Ni–TiO2 (1c) 1.0 wt% Ni–TiO2, (2a) 0.25 wt% Bi–TiO2 (2b) 0.5 wt% Bi–TiO2 (2c) 1.0 wt% Bi–TiO2.

Table 1
EDS of various dopant concentration.

Bi–TiO2 Elements Ni–TiO2 Elements

Dopant concentration Bi O Ti Dopant concentration Ni O Ti

0.25 wt% 0.21 0.02 0.02 0.25 wt% 0.18 0.02 0.05
0.50 wt% 0.43 0.03 0.04 0.50 wt% 0.36 0.5 0.9
1.0 wt% 0.88 0.20 0.10 1.0 wt% 0.74 0.08 0.18

Table 2
Crystalline size and surface area of Ni doped TiO2.

Ni (wt%) Crystalline size Surface area

0.25 13.84 nm 41.71 m2/g
0.50 10.3 nm 45.7 m2/g
1.0 16.92 nm 40.8 m2/g

Table 3
Crystalline size and surface area of Bi doped TiO2.

Bi (wt%) Crystalline size Surface area

0.25 12.4 nm 47.8 m2/g
0.50 13.67 nm 43.4 m2/g
1.0 15.6 nm 42.1 m2/g
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3.1.2. Band gap energy
The UV–vis diffuse reflectance spectrum of all the compositions

are shown in Fig. 4. It is evident from the results that the UV–vis
diffuse reflectance spectrum of Bi doped TiO2 and Ni doped TiO2,
gave distinct band gap absorption edges at 422 nm, 415 nm,
405 nm for doped Bi(0.25 wt%), Bi(0.50 wt%), Bi(1.0 wt%), and
413 nm, 418 nm, 412 nm for doped Ni(0.25 wt%), Ni(0.50 wt%), Ni
(1.0 wt%), respectively. The corresponding band gap energies were
found to be 2.99, 3.05 and 3.08 eV for 0.25 wt%, 0.50 wt%, and 1.0 wt
% Bi–TiO2, respectively and 3.02, 2.99 and 3.03 eV for 0.25 wt%,
0.50 wt% and 1.0 wt% Ni doped TiO2, 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
lattice withstanding the evolvement of local strains. On the other
hand, when the dopants are in excess, Bi ions cannot enter the TiO2

lattice but cover on the surface of TiO2 and leads to the formation of
heterogeneity junction. So, Bi (0.25 wt%) 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–TiO2 the minimum band
gap energy of 2.9 eV was obtained with dopant concentration of
0.5 wt%. As the concentration of dopant is either increased or
decreased from 0.5 wt%, increase in the value of band gap energy

was noticed, which may be due to formation of layer of dopant over
TiO2, hence, ions might not get inserted into lattice of TiO2.

3.2. TiO2 mediated photocatalytic degradation

In order to obtain baseline data with standard TiO2 (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 to 10 and TiO2 (Degussa) was used as
photocatalyst. It is 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 2 g/l
TiO2 (D) at pH 6.0. This behavior 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 TiO2 (Degussa P25) is at pH 6.8 and TiO2

surface is positively charged in acidic media (pH < 6.8), whereas it
is negatively charged under alkaline conditions (pH > 6.8). There-
fore, at acidic pH range, the surface of TiO2 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 TiO2 surface. At alkaline pH range, IBP and TiO2 both
are negatively charged. Moreover, hydroxyl radicals are rapidly
scavenged and they do not have the opportunity to react with

Fig. 4. UV–vis diffuse reflectance spectrum of (a) Bi–TiO2 (b) Ni–TiO2.

Fig. 5. Effect of photocatalytic parameters (a) variation of pH (b) variation of catalyst dose.
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model compound so enhanced activity is expected at pH 6–7 [5];
Zhang et al., 2013.

Catalyst dose of TiO2 was varied from 0.5 to 2.5 g/L as shown in
Fig. 5(b). It was observed that increasing the concentration of
catalyst from 0.5 g/L to 2.5 g/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 illumina-
tion and maximum degradation of 76% was achieved with 2 g/L of
TiO2 (D) catalyst. Further, increasing the catalyst concentration
beyond 2 g/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 [13,10].

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 TiO2 photocatalyst. But, this effect is subtle to
dopant concentration also. The photocatalytic degradation of IBP
(25 ppm) was assessed using lab synthesized Bi and Ni doped TiO2

(2 g/L) at pH 6.0 under solar irradiations with varying concen-
trations of dopant. Dopant concentration was varied from 0.25 to
1.0 wt% for both Bi–TiO2 and Ni–TiO2. With (0.25 wt%) Bi–TiO2

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 1.0 wt%, 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–TiO2, the maximum degradation of
78% was observed with 0.50 wt% dopant concentration and it was
observed that on either increasing or decreasing the concentration
of dopant from 0.50 wt%, 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
0.50 wt%) 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 photo-
catalytic competence would be different for various types of
dopants [3,14]. In order to compare the efficiency of TiO2 (D) with
lab synthesized Bi and Ni doped TiO2, IBP was subjected to
photocatalytic degradation at pH 6 with photocatalyst dose of 2 g/L
under solar irradiations. Degradation of 89% was achieved with Bi–
TiO2, whereas, only 50 and 74% degradation was achieved with Ni–
TiO2 and TiO2 (D), respectively, under similar experimental
conditions as shown in Fig. 7. The bismuth in the TiO2 surface
may enhance the charge separation and improves its photo-
catalytic 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–TiO2 > TiO2 > Ni–
TiO2.The cause for this enhancement has been timidly credited
to the overpowering of recombination of electron–hole pairs on
the surface of the TiO2 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

Fig. 6. Variation of dopant concentration (a) Bi (TiO2) (b) Ni (TiO2).

Fig. 7. Variation of type of catalyst.
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in visible spectra, and hence, results in increasing the photo-
catalytic activity [2,17].

Kinetic studies of degradation of IBP (25 ppm) 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–TiO2, Ni–TiO2 and TiO2 (D)
as photocatalyst under solar irradiations. The rates constant were
found to be 0.0064, 0.0046 and 0.0043 min�1 for Bi–TiO2, Ni–TiO2

and TiO2 (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 TiO2 (D) (2 g/L) at pH 6 after
6 h of luminescence. The maximum degradation of 89% was
achieved with Bi–TiO2 as photocatalyst in 6 h with dose of 2 g/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–TiO2

nanoparticles exhibited higher photocatalytic activity when
compared to Ni–TiO2 and Degussa TiO2 during the degradation
of IBP. The highest BET surface area of Bi–TiO2 (0.25 wt%) was found
to be 47.8 m2/g with crystalline size of 12.4 nm. A maximum of 89%
IBP degradation was achieved with 0.25 wt% Bi–TiO2 photocatalyst
under 6 h illuminations with a solar light when compared to Ni–
TiO2 wherein, only 78% degradation was achieved under same
experimental condition. Among various Ni-doped TiO2 materials,
the one doped with 0.5 wt% 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–TiO2 > TiO2 > Ni–TiO2 with
rate constants as 0.0064 min�1, 0.0046 min�1, 0.0043 min�1,
respectively.
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A B S T R A C T

Graphene oxide-TiO2 (TiO2-G) composite synthesized by a facile route is able to exhibit significantly
higher photocatalytic activity under visible light irradiation. The prepared composite was characterized
by means of powder X-ray diffraction (XRD), Scanning electron microscopy (SEM), energy-dispersive
X-ray spectrometry (EDS), UV–vis diffuse reflectance spectroscopy (DRS), and Brunauer Emmett Teller
(BET). The photocatalytic activity was evaluated by photo-degradation of the Atenolol (ATL) as model
pharmaceutical pollutant under UV–vis light and “simulated Sun” irradiation conditions. The results
showed that TiO2-G exhibited much higher photocatalytic performance than that of bare TiO2. The
enhanced activity can be ascribed to the incorporation of graphene. The effect of various factors such as
variation of pH, catalyst concentration, initial substrate concentration, light intensity, and source of light
as well as reaction kinetics were investigated. The results showed that 72% degradation of ATL (25 ppm)
can be achieved with 1.5 g/L TiO2-G in 1 h under solar irradiation. Complete TOC removal for atenolol
degradation was obtained in 7 h. The work is expected to shed new light on the development of graphene
composite nanostructures for gathering visible light energy and on the improvement of new
photocatalytic materials for the exclusion of environmental pollutants.

ã 2016 Elsevier B.V. All rights reserved.

1. Introduction

In the early 1980s the active pharmaceutical ingredients (APIs)
are identified in the water stream [1]. An emerging environmental
issue includes the presence of pharmaceutical compounds in
surface water and offers a challenge to water treatment systems
[2]. Pharmaceuticals are basically designed so that they can
physiologically effect humans and animals even at low
concentrations. These compounds remain in the environment
for a long time and are not degraded biologically or by natural
reduction [3]. The APIs consumed by the patients are excreted
either as metabolites or as the unchanged main compounds. Beta
blockers are involved in treatment of various of cardiovascular
diseases such as hypertension, artery disease etc., by blocking the
action of hormones such as epinephrine and norepinephrine in the
body [4]. Due to its limited human metabolism and extensive
usage, ATL was widely detected in sewage effluents and surface
water, usually with a concentration ranging from ng/L to mm/L

[5,6]. The studies also concluded that 2.2–50.8 g/d is the daily
output loads of the ATL compound in the treated wastewater.

For the treatment of these pharmaceutical compounds,
Conventional wastewater treatment methods such as use of
activated sludge [7] is not effective. Furthermore, many studies
have reported that the growth of human embryonic cells could
been inhibited by ATL and was also found to be ecotoxic to
freshwater species [8]. It has also been found that ATL possesses
phytotoxic activity during its chlorination after the process of
wastewater disinfection [9]. Therefore, it is need of an hour to
develop the advanced treatment technologies for ensuring
complete removal of ATL from wastewater before release into
water stream. Recently, it has been reported in several studies that
advanced oxidation processes (AOPs) are used for the degradation
of beta-blockers [10–14]. Oxidation of organic and inorganic
species can achieved by heterogeneous photocatalysis [15,16].

Composites consisting of carbonaceous materials have been
studied, in order to further improve the photocatalytic efficiency. In
particular, totakeadvantage of graphene’s superior properties, many
efforts have been devoted through coupling it with semiconductors.
Graphene has a two-dimensional sp2 hybridized carbon network
[17,18]. Its unique properties include large specific surface area
(2600 m2/g), high thermal conductivity (3000 W/m/K), and high
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intrinsic electron mobility (15,000 m2/V/s) [20]. Therefore, to form a
hybrid structure with different nanomaterials for photocatalytic
applications it is highly advantageous and desirable to explore its
potential. Several graphene-semiconductor composites have been
reported in literature using either growing on surfactants or by
physical mixing of pre-synthesized nanoparticles and graphene
[19–22]. Recently, it has been studied that methylene blue in an
aqueous solution has been degraded by photocatalysis using TiO2-
graphene based photocatalyst [19].

As a novel material, many extraordinary properties has been
observed for graphene, such as it is chemically stable, having high
specific surface area (�2600 m2/g), tremendous motion of charge
carriers (20,000 cm2/V/s) and worthy optical transparency
[23–25]. On the basis of above described properties, the graphene
can leads to charge separation and function when used as an
electron carrier in composite materials, thus composites of
graphene and TiO2 have shown enhancement of photocatalytic
activity in different studies [26–28].

Several reports are published for the photocatalytic degradation
of organic molecules by enhancements in photocatalytic activity of
TiO2 nanoparticle-reduced graphene composites. Zhang et al. and
co-workers [29–31] have reported increased photocatalytic
degradation of methylene blue by preparing a Graphene-TiO2

nanoparticle composite. Xiaoyan et al. [32] studied the production
of H2 by splitting of water using TiO2 nanoparticles on graphene
and observed enhanced photocatalytic activity than that of only
TiO2.

The present work includes the degradation of atenolol via
synthesized Graphene Oxide-TiO2 (GO-TiO2) and DegussaTiO2

photocatalyst and different parameters has been studied, including
catalyst loading, initial substrate concentration, variation of light
intensity, pH of the solution, and introduction of UV filter in solar
simulator on the atenolol degradation. The new features of this
study include the interpretation of the kinetics of the atenolol
removal with GO-TiO2 and Degussa TiO2 during photocatalysis.
Adding to this, to the authors' knowledge, this is the first study that
comprises a well-organized exploration of the various parameters
that can affect the oxidation process of the model compound
including the catalyst concentration, initial substrate concentra-
tion, variation of light intensity and pH using GO-TiO2 and its
comparison with commercial available Degussa TiO2.

2. Experimental section

2.1. Materials

Atenolol (its chemical structure is shown in Fig.1) was procured
from Sigma-Aldrich and was used as such without further
purification. Solutions of the ATL was prepared in deionized water
at concentrations up to 25 mg/L and stirred for one 1 h to ensure
complete mixing. Such concentrations, more than those usually
found in water, were taken so as to (a) assess the efficiency of
process within a measurable time period, and (b) accurately
determining the remaining concentration of ATL with the
analytical techniques employed in this work. Commercially
available TiO2 was employed by Aeroxide P25.

2.2. Synthesis of graphene – TiO2 composite

To obtain graphite oxide (GO) from graphite powder, modified
Hummers method was applied as described previously [33]. To
obtain graphene-TiO2 composite, 2 mg of GO was poured to a
solution of water and ethanol (2:1) followed by ultrasonic
treatment of 1 h. Then weighed amount of TiO2 (200 mg) was
added and further stirring was done for 2 h. The mixture was then
transferred to a Teflon-lined autoclave, for the hydrothermal
treatment process for 3 h at 120 �C. During this process, GO could
be reduced to graphene and simultaneously the deposition of TiO2

achieved. The obtained composites were centrifuged, rinsed with
deionized water, and vacuum-dried at 60 �C. The prepared samples
are denoted as GO-TiO2.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained on a Rigaku-
Ultima IV Advance X-ray diffraction meter using Cu Ka radiation
(l = 0.15 Å). The microstructures of the samples were analyzed by a
Hitachi S-4500 scanning electron microscope (SEM) and transmis-
sion electron microscopy (TEM; JEOL 2010F). UV–vis diffuse
reflectance spectra (DRS) were measured using a UV–vis spectro-
photometer (UV-3600, Shimadzu). Raman spectroscopy was
performed on a Renishaw Raman spectrometer Model 2000 using
a 632.8 nm laser at 100% power. The X-ray photoelectron
spectroscopic (XPS) analyses was done with a Kratos Axis Ultra
spectrometer with a monochromatic Al Ka source (15 mA, 14 kV).

2.4. Photocatalytic measurement

Experiments of Photocatalysis were carried out as follows:
Appropriate amount of photocatalyst in the range 0.5–2.0 g/L was
added to 150 mL of an aqueous solution and was allowed to mix
and poured into the reactor. Further, continuous mixing was done
with magnetic stirrer at 800 rpm for 45 min in the dark to ensure
complete adsorption of the ATL molecule on the surface of catalyst.
Simulated Air Mass (AM) 1.5 solar light was produced by means of a
solar simulator (model SS1KW, Sciencetech, Ontario, Canada, with
a 1000 W Xe arc lamp and an AM 1.5G filter). During the
photocatalytic experiments, the reaction mixture was continu-
ously aerated. Samples were withdrawn after fixed interval of time
and filtered through a 0.45 mm filter to separate catalyst particles.
pH of the ATL solution were varied from 4, 6, 8 and 9.

2.5. Analytical technique

The absorbance of the sample was measured with a UV–vis
spectrophotometer. Absorbance was measured at 224 nm for
photocatalytic experiments, as this wavelength agrees to the
characteristic peak of the ATL in the UV spectrum. The straight line
curve has been obtained between absorbance and concentration
with ATL concentration ranging from 5 to 25 mg/L.

3. Results and discussion

3.1. Characterization of graphene oxide – TiO2 composite

The characterization of synthesized catalyst includes XRD, SEM,
TEM, XPS and UV-DRS, which has been described and explained in
details elsewhere [33]. The BET specific surface area (54–70 m2/g)
and pore volume (0.25–0.38 mL/g) of the Graphene-TiO2 compos-
ite were controlled by graphene compared with those of TiO2. The
pore diameter (�3 nm) was quite uniform. The BET surface area of
the Graphene-TiO2 composite increased from 54 to 73 m2/g with
increasing graphene content. This result can be ascribed to theFig. 1. Structure of Atenolol.
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fraction of bare graphene in the composites. However, the BET
surface area of the Graphene-TiO2 composite was still quite low
compared with that of pure graphene (2600 m2/g). This is due to
the minimal doping level of graphene and thus, surface area and
porosity are primarily dominated by the TiO2 component.

3.2. Effect of catalyst concentration

The concentration of catalyst has been varied from 0.5 to 2.0 g/L,
to study effect on oxidation with initial substrate concentration of
25 mg/L and the results are depicted in Fig. 2(a) and (b). The figure
clearly shows that with increase in catalyst concentration up to a
certain value, the initial reaction rate increases. However, further
increase results in reduced rates. It has been analyzed that the
availability of active sites on catalyst surface for photocatalytic
reactions rises with increase in catalyst loading and this take place
up to a point where all catalyst particles are wholly lightened [34].
At higher concentrations, penetration of light get hindered and
even reflected (scattered) due to a screening (light shielding) of
surplus particles, thus covering portion of the photosensitive
(active) area. Subsequently, these reductions of photons lead the
rate of transformation to a plateau or even to decrease. It has been
observed that 72% degradation has been achieved using TiO2-G
with concentration of 1.5 g/L whereas 56% degradation has been

achieved using Degussa P25 as catalyst with 1.5 g/L catalyst dose in
1 h.

3.3. Effect of initial substrate concentration

The concentration of ATL has been varied from 5 to 25 mg/L in
the experiment at catalyst loading of 1.5 gm/L and the results are
depicted in Fig. 3(a) and (b). As can be seen, atenolol conversion is
85%, 79%, 71%, 63% and 57% using Degussa TiO2 while 92%, 86%,
81%, 77% and 72% for TiO2-G after 60 min at initial concentration of
5 mg/L, 10 mg/L, 15 mg/L, 20 mg/L and 25 mg/L respectively. From
figures it can be analyzed that as there is increase in the ATL
concentration, the photocatalytic rate decreases. With increase in
the concentration of ATL, more and more molecules of model
compound are adsorbed on the catalyst surface. In compare,
because of same reaction conditions, the presence of OH� and O2

��

radicals attacking the atenolol molecules declines, due to this the
photocatalytic degradation decreases. As found in several studies,
that huge amount of reactive species are required for the
degradation of pollutant if the concentration of target pollutant
is high because many molecules of the model compound adsorbed
on the photocatalyst surface. So as the formation of OH� and O2

��

remains constant on the catalyst surface at a constant reaction
conditions. Therefore, the OH� radicals are not sufficient for the

Fig. 2. Effect of catalyst loading on photocatalytic degradation of Atenolol. (a) Degussa P25 TiO2. (b) TiO2-Graphene (TiO2-G). Experimental conditions: [ATL]0 = 25 ppm,
pH = 6, I = 750 mW/cm2).

Fig. 3. Effect of Initial concentration on photocatalytic degradation of Atenolol. (a) Degussa P25 TiO2. (b) TiO2-Graphene (TiO2-G). Experimental conditions: pH = 6, I = 750
mW/cm2, [Catalyst] = 1.5 g/L.
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degradation of pollutant at greater concentrations, which ulti-
mately results in decrease in the degradation rate of pollutant as
the concentration increases [35].

3.4. Effect of pH

pH of the solution was varied to study its effect for degradation
of atenolol. The natural pH of atenolol solutions (25 ppm) was 9
and it was varied from 4 to 9 using the required amount of NaOH or
HCl solutions, respectively. Fig. 4(a) and (b) shows the photo-
catalytic conversion of atenolol at different pH values. pH of the
ATL solution was varied in range, showing that degradation was
observed maximum at pH 6 but decreased both in acidic and
alkaline conditions. For illustration, the degradation of atenolol
after 1 h of reaction was 60%, 72%, 63% and 57% at pH 4, 6, 8 and 9
using TiO2-G respectively. For Degussa TiO2, the observed
conversions are 39%, 56%, 45% and 42% at pH 4, 6, 8 and 9,
respectively. Atenolol has two reactive sites, (a) an aromatic ring
and (b) an amine-moiety. The pH of the solution affects the
reaction of amine-moiety, while it does not affect the reaction of
the aromatic ring. Therefore, the degradation reaction of atenolol
depends on the pH of the solution and also on the pKa of the amines
(which is 9.6). Due to protonation of amino group at 9.6 > pH > 6 the

Fig. 4. Effect of pH on photocatalytic degradation of Atenolol. (a) Degussa P25 TiO2. (b) TiO2-Graphene (TiO2-G).
Experimental conditions: [ATL]0 = 25 mg/L, I = 750 mW/cm2, [Catalyst] = 1.5 g/L.

Fig. 5. Effect of Light Intensity on photocatalytic degradation of Atenolol. (a) Degussa P25 TiO2. (b) TiO2-Graphene (TiO2-G). Experimental conditions: [ATL]0 = 25 mg/L,
[Catalyst] = 1.5 g/L, pH = 6.

Fig. 6. Effect of Light source on photocatalytic degradation of Atenolol.
Experimental conditions: [ATL]0 = 25 mg/L, [catalyst] = 1.5 g/L, pH = 6, I = 750 mW/
cm2.
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surface of catalyst get negatively charged. Thus, the electrostatic
attraction of TiO2 surface with atenolol seems to be increased.

3.5. Variation of light intensity

The effect of light intensity on the photocatalytic degradation
rate of Atenolol was analyzed by keeping all other variables
constant. The light intensity has been varied from 250 to 1000 W.
The observed results are shown graphically in Fig. 5(a) and (b). The
observation shows that degradation rate increases for ATL with
increase in light intensity. The cause for the above observation is
the number of photons covering per unit area of the semiconductor
increases, with increase in intensity of light. It has been observed
that degradation rate of ATL molecules increases with increase in
light intensity. This change in rate of degradation of ATL molecules
by variation in light intensity is because of increase in the number
of hydroxyl radicals and super oxide ions (O2

��) with increase in
light intensity that resulted in increase in number of photons that
can reach the active site of catalyst so number of exited catalyst
molecules increases and hence rate of degradation of ATL
molecules also increase.

3.6. Effect of variation of light source

The light source has been varied using solar simulator with UV
filter and without UV filter. It has been observed from Fig. 6 that
without using UV filter better rate of degradation was observed for
atenolol at pH 6 within 1 h with 1.5 g/L catalyst dose. However,
with incorporation of UV filter, the rate of degradation has been
reduced much both in case of TiO2-G and Degussa TiO2.

3.7. Distinguishing kinetic regime from mass transfer limited regime
by varying catalyst loading

Fig. 7 represents data of the experiments for the photocatalytic
degradation rate of atenolol with different catalyst concentrations.
The study have been done with catalyst concentration ranging
from 0.01 to 2.0 g/L. The figure depicts that the degradation rate
plotted as mol/gcat/min is almost constant (independent of
catalyst loading) for catalyst concentration between 0.01 and
0.08 g/L. Thereafter, degradation rate decreases as the amount of
catalyst is increased from 0.08 to 2.0 g/L. In the range of
0.01–0.08 g/L, reaction kinetics control the overall rate as with
the increase in concentration of catalyst (in g of catalyst), the
conversion (in mol/min) is increased in equal proportion resulting
in rate (expressed as mol/gcat/min) to remain constant. All
available surface area with increase of catalyst amount is available
for reaction. The overall rate starts decreasing, when the catalyst

loading is increased beyond 0.08 g/L, In this region, all theoretical
surface area that should be available for reaction with increased
catalyst amount is in fact is not available due to particle
agglomeration. Hence, in this part, the observed rate is not
completely due to kinetics but is limited due to transport of
pollutant to the active sites. In this transport-limited region, the
transformation enhances proportionately at a slower rate than the
increase of the amount of catalyst, thereby, the overall rate
decreases instead of remaining constant. In other words, different
factors influence the conversion in this region, such as (a) complete
catalyst surface area might not come in contact with a pollutant
because of external mass-transfer resistance, (b) because of
shielding effect of light, it cannot extent to some of the catalyst
surface area and (c) light cannot activate the inner surfaces and
penetrate in the agglomerates. Thus, Fig. 7 show two regimes: (1)
the kinetic regime at the low catalyst range (<0.08 g/L) and (2) the
transport (mass or light) limitation regime at the high catalyst
concentration (0.08–2.0 g/L).

3.8. Kinetics of TOC disappearance

The complete mineralisation is confirmed from total organic
carbon (TOC) content as given in Fig. 8. For atenolol concentration
of 25 ppm, it has been observed that TOC has fully disappeared in
7 h. TOC value decrease with increase in irradiation time. The initial

Fig. 7. Distinguishing Kinetic regimes for degradation of Atenolol. Experimental conditions: [ATL]0 = 25 ppm, pH = 6, I = 750 mW/cm2) (a) Rate plotted as mg/gcat/min. (b) Rate
plotted as mg/l/min.

Fig. 8. TOC for Atenolol degradation.
Experimental conditions: [ATL]0 = 25 ppm, pH = 6, [TiO2-G] = 1.5 g/L, I = 750 mW/
cm2.
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TOC of atenolol solution is obtained as 16.9 mg/L and it has been
disappeared totally within 7 h of irradiation time. As all the
residual carbon-containing metabolites is taken into account in
TOC so it seems to be right technique for valuing the decontami-
nation of polluted water.

4. Conclusions

TiO2-G composite was prepared by simple hydrothermal
method. The improved performance of synthesized composite
has been observed in photocatalytic degradation of Atenolol under
simulated solar illumination. More adsorption sites are facilitated
by incorporation of graphene in photocatalyst and electron-hole
pairs separation also enhances, and extension of the light
absorption wavelength range has been obtained. In addition, the
parametric study was carried out to optimize the reaction
conditions. Experimental results showed that 1 h of 750 W/cm2

solar irradiation was required to degrade 72% of 25 ppm Atenolol
solution at pH 6, when 1.50 g/L of TiO2-G composites was used.
Complete TOC removal has been obtained in 7 h for Atenolol
degradation. When the results found in this study are further
compared with published results for photocatalytic atenolol
degradation, it can be concluded that there is great potential for
graphene-based composites for higher photocatalytic activity.
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a b s t r a c t

The photocatalytic degradation of Ofloxacin (OFL) was studied in aqueous solution using co-doped TiO2

nanoparticles. The catalyst samples were synthesized by sol–gel method from Titanium isopropoxide
using different concentration of Bi and Ni metal as dopant. The co-doped catalysts were characterized
by (X-ray Diffraction) XRD, (Brunauer–Emmett–Teller) BET, (Scanning electron microscope) SEM and
(Energy Dispersive Spectroscopy) EDS. The results revealed that the catalyst possessed spherical mor-
phology and excellent crystalline properties. The surface area of the catalyst was found to be 74, 55
and 18.66 m2/g for 0.25 wt%, 0.5 wt% and 1.0 wt% dopant concentration, respectively. Photocatalytic
capability of Bi/Ni co-doped TiO2 nanoparticles were estimated by means of OFL degradation under dif-
ferent light sources. Parameters affecting the photocatalytic process such as type of catalyst, dopant con-
centration, catalyst concentration, different light sources and solution pH have been explored. The photo-
degradation kinetics follows a pseudo first-order reaction. Bi–Ni co-doped TiO2 showed higher activity for
photocatalytic degradation of OFL under solar light compared to Degussa TiO2. The photo-degradation
process was optimized using 25 mg/L Ofloxacin with dopant concentration of 0.25 wt% and catalyst dose
of 1.5 g/L. Degradation efficiency of 86% was attained at pH 3 after 6 h of solar irradiations.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

The occurrence of antibiotics in the environment is an emerging
environmental issue causing the selection of antibiotic-resistant
microbes in wastewater treatment plants and other hot-spots with
genes capable of spreading by the lateral gene transfer mechanism
[1,2]. The decrease of biodegradation of leaf and other plant mate-
rials, the primary food source for freshwater biota, due to the
release of antibiotics to the environment is a new relevant concern
as well [3]. The investigation of the processes that may enhance
their removal from water and wastewater and detoxification are
in the core of scientific interest. Biotic (e.g., biodegradation) and
abiotic processes (e.g., photocatalytic treatment and hydrolysis)
are evaluated in order to understand the fate of antibiotics and
the inherent risks they may pose to the environment. Aerobic bio-
transformation in the environment and during aerobic secondary
treatment of wastewater has been identified as a removal mecha-
nism for some antibiotics [4–6]. However, abiotic processes are
considered to be the most important processes for their mineral-

ization or for their transformation to more biodegradable products
less persistent in the environment [7].

Among antibiotics, Ofloxacin (OFL) represents a synthetic fluo-
roquinolone antibiotic [8] of great environmental significance
due to its widespread occurrence, its genotoxic properties [9] and
persistence in the environment due to its limited microbial degra-
dation potential [8]. The chemical structure and active sites of flu-
oroquinolones are presented in Fig. 1. They have been found in
sewage treatment plants’ influents and effluents, pharmaceuticals’
production and hospital effluents, ground-, river-, sea and drinking
water [10]. They are sorbed onto activated sludge, inhibiting the
nitrite-oxidizing bacteria activity and making activated sludge a
significant reservoir of fluoroquinolones due to their long-term
cycling and persistence [11,12].

In particular, OFL is known to persist in sludge-treated soils in
concentrations as high as few milligrams per kilogram [13] and
has recently been characterized as a high hazard to the aquatic
ecosystem due to the use of the sludge on agricultural land [14].
Some fluoroquinolones are subjected to biotransformation by fungi
and bacteria to a lesser extent. The degradation of OFX induced by
various AOPs at a bench scale has been investigated under different
experimental conditions: photocatalysis in the presence of TiO2

[15–17] solar Fenton [16], sono photocatalysis [18], photolysis

http://dx.doi.org/10.1016/j.seppur.2016.01.028
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[19] and c-radiolysis [20]. TiO2 photocatalysis was also used by
Michael et al. [16] to degrade 10 mg/L ofloxacin with catalyst con-
centration of 3 g/L. 60% degradation was obtained after 120 min of
irradiation. Various methods available for the synthesis of TiO2

photocatalyst include precipitation [21], hydrothermal, solvother-
mal [22], chemical vapor deposition [23] and electrospinning
[24]. Among several methods available for synthesis of nano-
powders, sol–gel method is advantageous because powders of high
purity and of homogenous concentrations can be synthesized at
very low temperature under stoichiometry control [25]. Kundu
et al. [26] studied the photocatalytic activity of Ni-doped TiO2 pre-
pared by hydrothermal method for the degradation of ofloxacin
(25 ppm) for which almost 70% degradation has been achieved
with 1 g/L catalyst dose. It has been shown by earlier studies that
degradation of compound is always better by co-doped catalyst
compared to Degussa P25. The result of photocatalytic degradation
of methylene blue indicated that photocatalytic activity of N- and
S-codoped TiO2 (98%) was better than P25 (82%) photocatalyst due
to the band-gap of N-, S-codoped TiO2 is lower than that of P25
photocatalyst [27]. Similarly I and F has been co-doped and
appeared to be better photocatalyst for methylene blue degrada-
tion in comparison to Degussa P25 [28]. Hence, sol–gel method
has been followed for the synthesis of Bismuth and Nickel co-
doped TiO2 (Bi/Ni–TiO2) photocatalysts.

The photocatalytic transformation mechanisms of OFX through
solar light oxidation using co-doped catalyst have not been studied
earlier, even if studies involving to its environmental risks are
described in the literature [29,30].

2. Materials and methods

2.1. Chemicals

Ofloxacin was purchased from Sigma Aldrich and were at least
of analytical grade (P98%). Aeroxide P25 TiO2 powder was used for
the PC experiments. All the chemicals used in this study were of
analytical grade and were used as such without further purifica-
tion. Bi (NO3), 5H2O and Ni (NO3), 5H2O was 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 deion-
ized water. Fig 1 depicts structure of Ofloxacin.

2.2. Preparation of co-doped Bi/Ni–TiO2 nano-catalyst

Co-doped TiO2 with varying percentage of dopant (0.25–1.0 wt
%) was prepared using sol–gel method with Titanium isopropoxide
(TIP) as precursor. 2.5 mL of TIP was added drop by drop to a solu-
tion of 10 mL ethanol and 2.5 mL acetylacetone at room tempera-
ture and stirred for 30 min. Then 2 mL distilled water was added
to above solution. Calculated amount of Bi (NO3), 5H2O and Ni
(NO3), 5H2O was added according to percentage variation of
dopant from 0.25 to 1.0 wt% respectively, into prepared solution

and a stable sol was finally obtained after stirring 2 h. Then con-
centrated solution was placed at 90 �C for drying and dried powder
was calcined at 400 �C for 2 h.

2.3. Characterization of synthesized catalyst

The above-prepared TiO2 samples were characterized for
microstructural properties by Scanning electron microscopy (Phi-
lips, SEM Analyzer). The Brunauer, Emmett and Teller (BET) surface
area was obtained from nitrogen adsorption–desorption data
(NOVA 2000e, USA). The chemical composition was confirmed
using the electron spectroscopy for chemical analysis. The powder
X-ray Diffraction (XRD) was done at room temperature using X-ray
diffractometer (Cu Ka k = 0.154 nm) to study the crystal phase of
the products. X-ray Diffraction (XRD) patterns were obtained using
a Philips X-ray diffractometer with monochromatic high-intensity
in a 2h range of 20–70�. All peaks measured by XRD analysis were
allocated by comparing with those of JCPDS data. Band gap has
been evaluated using UV–vis diffuse reflectance spectrophotopho-
tometer of Hitachi U3900H at wavelength range of 190–800 nm.
The average size of the TiO2 particles was attained by Scherrer’s
equation (Eq. (1)).

D ¼ K k=bCosh ð1Þ

2.4. Experimental set-up

The degradation experiment of OFL was conducted on a self-
designed, cubic, stainless steel reactor. An electric fan was installed
on the side wall of the reactor for proper circulation of air. The
seven UV Tubes, 36 W each with wavelength of 365 nm provided
the light source. Weighed amount (0.5–2.0 g/L) of co-doped photo-
catalyst with dopant concentration ranging from (0.25–1.0 wt%)
was well dispersed on a Pyrex glass dish (diameter 15 cm), which
was placed into the reactor and was positioned at 15 cm above the
bottom. A known quantity of OFL (25 ppm) was injected into ves-
sel. The degradation experiment was allowed to run for 6 h. The
concentration of OFL was periodically measured by taking samples
after every 1 h and measured its absorbance.

3. Results and discussion

3.1. Characterization

Bi/Ni co-doped TiO2 nanoparticles were prepared using sol–gel
method as described in Section 2.2 and its characterization was
done to analyze various parameters such as particle size, surface
morphology, band-gap and surface area using XRD, SEM, UV-DRS
and BET, respectively. All XRD spectra presented in Fig. 2 shows
the peaks confirming anatase structure and it was observed that
the prepared Bi–Ni co-doped photocatalyst consisted only of ana-
tase and the doping would enhance the photocatalytic activity.
Since Bismuth might get fused into the crystal structure of TiO2,
reduces the band gap of TiO2, the co-doped photocatalyst displayed
enhanced photocatalytic activity in the visible region. Nickel exist-
ing and dispersed on the surface of TiO2, reduces the recombina-
tion of photogenerated electron–hole pairs, increasing photo
quantum efficiency, and increasing the photoactivity.

The SEM images were used to evaluate primary structure of
doped TiO2. The morphology of the samples has been presented
in Fig. 3. The photocatalysts are in the form of small agglomerates
of crystals. The nanometer size of the particles resulted in an
increase in surface area and a subsequent increase in the amount
of photocatalytic reaction sites, which increases the photocatalytic
activity. The EDS analysis of codoped TiO2 showed significant

Fig. 1. Structure of Ofloxacin (pKa1 = 5.45, pKa2 = 6.2).
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presence of Ni and Bi ions in synthesized samples. The analytical
results from EDS are in realistic arrangement with 0.25–1.0 wt%
of Bi and Ni ions doped into TiO2. The elemental records of samples
for Ti, O, Ni and Bi showed homogeneous distribution of elements
in the 0.25–1.0 wt% range of co-doped Bi/Ni–TiO2. From EDS anal-
ysis (Table 1), it has been observed that in 0.25 wt% of Bi + Ni–TiO2,

0.26, 3.04, 16.36 and 80.33% of Bi, Ni, O and Ti ions were present.
Subsequently variations have been found in 0.25–1.0 wt% of Bi
+ Ni–TiO2.

The BET surface area of Bi + Ni co-doped TiO2 was found to be
74, 55 and 18.66 m2/g for 0.25, 0.5 and 1.0 wt% of dopant concen-
tration respectively. It has been analyzed that increase in dopant

Fig. 2. XRD Pattern of Bi + Ni doped TiO2 with different dopant concentration.

Fig. 3. SEM Images of Bi + Ni co-doped TiO2 (a) 0.25 wt%, (b) 0.5 wt% and (c) 1.0 wt%.

V. Bhatia et al. / Separation and Purification Technology 161 (2016) 1–7 3



concentration resulted in reduction of surface area of catalyst. This
decrease of surface area with increase in dopant concentration may
be due to increase in grain size, which is consistent with results of
SEM.

3.1.1. Band gap energy
The UV–vis diffuse reflectance spectrum of all the compositions

are shown in Fig. 4. It is evident from the results that the UV–vis
diffuse reflectance spectrum of Bi/Ni codoped TiO2, gave distinct
band-gap absorption edges at 422 nm, 415 nm, 405 nm for doped
Bi/Ni (0.25 wt%), Bi/Ni (0.50 wt%), Bi/Ni (1.0 wt%), respectively.
The corresponding band-gap energies were found to be 2.89, 3.09
and 3.11 eV for 0.25 wt%, 0.50 wt%, and 1.0 wt% Bi/Ni co-doped
TiO2, respectively. At lowest concentration of dopant, the absorp-
tion edge shift is maximum, and hence, the corresponding calcu-
lated 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 lattice withstanding the evolvement
of local strains. On the other hand, when the dopants are in excess,
ions cannot enter the TiO2 lattice, but cover on the surface of TiO2

and leads to the formation of heterogeneity junction. So, Bi/Ni
(0.25 wt%) photocatalysts has lower band gap energy (2.9 eV)
within the temperature range in which the photocatalytic experi-
ments were carried out when compared to other dopant
concentrations.

3.2. TiO2 mediated photocatalytic activity

Photocatalytic activity of OFL was assessed with TiO2 Degussa
P25 and its concentration was varied from 0.5 to 2.0 g/L at natural
pH of 6. Fig. 5(a) depicts that maximum photocatalytic degradation
of OFL was found to be 72% after 6 h of irradiation at catalyst dose
of 1.5 g/L. It has been observed that as catalyst concentration was
allowed to rise from 0.5 g/L to 1.5 g/L; there is continuous increase
in extent of degradation, further on increasing the concentration to
2 g/L, results in reduction of degradation efficiency, which might
be due to decline in penetration of light (shielding effect). High
concentration of catalyst leads to more turbid solution, thus
obstruct the penetration of incident UV radiation and impart the
effectiveness of the photocatalytic process. The correlation

between degradation rate and the catalyst concentration is due
to large number of active TiO2 sites accessible for the photocat-
alytic reaction.

pH is an important factor that effect photocatalytic reactions. In
this study the degradation of ofloxacin was investigated by varying
pH from 3 to 10 using Degussa TiO2 as catalyst with dose of 1.5 g/L.
It has been observed that photocatalytic activity is related to sur-
face ionization state of catalyst. Change in the pH can change the
adsorption of ofloxacin on catalyst surface, which is determinant
factor for the existence of photocatalytic oxidation reactions. At
pH 3, 72% degradation of OFL (initial concentration 25 mg/L) has
been achieved within 6 h (Fig. 5(b)). Similar result has been
reported by [31]. The effect of solution pH on conversion is a com-
plex issue related to the ionization states of the catalyst surface
and the substrate, as well as the rate of formation of radicals and
other reactive species in the reaction mixture. The point of zero
charge (pzc) of Degussa P25 is reported to be 6 [32]. At pH < 6
the catalyst surface is charged positively, while at pH > 6 the sur-
face becomes negatively charged.

Ofloxacin is cationic below pKa1 (due to the presence of nitrogen
in position 4 of the piperazinyl group), anionic above pKa2 (due to
6-carboxyl group), and zwitterionic i.e., neutral between pKa1 and
pKa2. Due to this, in photocatalytic degradation, the effect of the
pH of the ofloxacin solution cannot be explained in terms of the
ionization state of the catalyst and the substrate as both carry
either negative or positive charges at alkaline or acidic conditions,
respectively; i.e. neither environment should particularly favor
substrate adsorption on the surface. At low pH values, positive
holes are the main oxidation species, while at neutral or high pH,
hydroxyl radicals are reflected the major species [33–35] it appears
that ofloxacin oxidative transformation is primarily by valence
band holes rather than radicals.

3.3. Doped TiO2 induced photocatalytic activity

The concentration of dopant-metal ions plays a very significant
role in Photocatalytic activity. The concentration of dopant was
varied from 0.25 wt% to 1.0 wt% as shown in Fig. 6(a). The maxi-
mum degradation efficiency of doped catalyst has been obtained
with dopant concentration of 0.25 wt%, further increasing the con-
centration of dopant above 0.25 wt% leads to decrease in degrada-
tion efficiency. It may be attributed to the fact that, metal ions, at
low concentration, act as trapping centers for photo-generated
electron (e�) and/or hole (h+) within the titania band-gap thus
increasing the recombination time of e�/h+ pairs. These primarily
trapped charges may then migrate, toward the surface of the semi-
conductor where further redox reaction occurs, thus enhances the
photocatalytic activity. However, a high concentration of metal
ions results in the recombination of the photo-generated e� and
h+. There persists a finest concentration amount of dopant-metal
ions at which the concentrated amount of e� and/or h+ are con-
fined without recombination; on increasing the amount above this
optimum value the photocatalytic activity decreases because of the
increase in recombination rate [36].

The degradation of OFL has been studied with co-doped TiO2

and Degussa P25 TiO2 of OFL. The OFL (initial concentration
25 g/L) was allowed to undergo photocatalytic treatment for 6 h
using optimum catalyst concentration of 1.5 g/L at pH 3. It has
been observed (Fig. 6(b)) that 86% of OFL has been degraded using
Bi–Ni co-doped TiO2 under solar irradiations and only 42% OFL has
been degraded using Degussa TiO2 which shows that introduction
of metal ions leads to increase in the efficiency of TiO2 catalyst. The
introduction of metal ions leads to decrease in band-gap of TiO2.

A lesser amount of rutile phase was formed with Bi doping in
TiO2. For Bi-doped anatase, the energy levels of the impurity Bi
6s states lie below the bottom of the conduction band while the

Table 1
EDS of various dopant concentration.

Bi + Ni–TiO2 Elements

Dopant concentration (wt%) Bi (%) Ni (%) O (%) Ti (%)

0.25 0.26 3.04 16.36 80.33
0.50 1.37 1.88 43.53 53.4
1.0 2.48 0.72 70.70 26.10

Fig. 4. UV–vis diffuse reflectance spectrum of Bi/Ni co-doped TiO2.
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Fermi level EF lies above the gap states, indicating the gap states
are fully occupied. The transition from Bi 6s to Ti 3d states is
responsible for a red-shift of the visible light absorption edge. This
observation suggests that photocatalytic efficiency would be
improved significantly due to greater separation of electron–hole
pairs. These findings present a reasonable explanation of recent
experimental results. While on the other hand, Ni2+ could expand
the optical absorption range by changing bandgaps. The another
reason for using Ni metal ions is that insertion of Ni ions leads to
enhancement of photocatalytic activity that has been tentatively
attributed to the suppression of recombination of electron–hole
pairs on the surface of the TiO2 catalyst by low valence Ni2+ ions.
Various studies reported synergetic effect of metal–metal co-
doping as a result of charge equilibrium. These facts indicate that
introducing two or more appropriate metals onto nano-
crystalline TiO2 particles will improve the photocatalytic effect of
TiO2. Hence, the advantages of incorporation of both the ions (Bi/
Ni)-codoped TiO2.

3.4. Comparison of solar light/UV light

Plot of photocatalytic degradation of OFL under UV and solar
irradiation as a function of time using 1.5 g/L photocatalyst, OFL
initial concentration 25 ppm and pH 3 is presented in Fig. 7. The

photocatalytic degradation efficiency of OFL was higher under
solar light than under UV light. At 6 h of reaction time using Bi/
Ni co-doped TiO2, maximum degradation of OFL under solar and
UV irradiation were found to be 86% and 42.2%, respectively. How-
ever, with Degussa TiO2 76% and 40% degradation was obtained
under UV and solar light respectively in 6 h at pH 3.

Fig. 7. Effect of variation of light source.

Fig. 6. (a) Effect of variation in dopant concentration and (b) variation of type of catalyst.

Fig. 5. (a) Effect of variation of catalyst concentration and (b) variation of pH.
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3.5. Kinetic study

Kinetic studies for degradation of OFL with catalyst dose of
1.5 g/L at pH 3 were carried out to find the reaction rate constant
and order of reaction with Bi/Ni co-doped TiO2 as photocatalysts
under solar irradiations. The plot of lnC/Co v/s time gave straight
line as shown in (Fig. 8). Rate constant was calculated as
0.0062 min�1 for Bi–Ni co-doped TiO2 with while for Degussa
P25 TiO2 rate constant obtained was 0.0036 min�1, which is less
as compared to co-doped catalyst. The results revealed that photo-
catalytic degradation of model compound followed first order
kinetics by using ln (C/Co) = kt, where Co denotes initial concentra-
tion and C denotes the concentration at any time t.

4. Conclusions

The photocatalyst co-doped with Bismuth and nickel was pre-
pared by using sol–gel method. The effect of pH, catalyst dose, light
source and the doping quantity of Bismuth and nickel on the pho-
tocatalytic activity of the Bi–Ni co-doped photocatalyst were
reported. Compared with Degussa TiO2, an increase in photoactiv-
ity for the degradation of OFL under visible light for the Bi–Ni
(0.25 wt%) co-doped photocatalyst calcined was observed. It was
found that 86% of ofloxacin was degraded in aqueous solution
within 6 h at pH 3. The kinetic study for degradation for Ofloxacin
has shown that rate of reaction was higher with co-doped TiO2 cat-
alyst compared to Degussa P25 TiO2. This study confirms the effec-
tiveness of heterogeneous photocatalysis to decontaminate the
water containing organic micro-pollutants.
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