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PREFACE 

Metal oxides and their composites with polymers are extensively desirable for a wide 

range of applications including visible light photocatalysis and adsorption. The visible 

light photocatalysis and adsorption are crucial for wastewater treatment as the water is 

being polluted by any segment of the society. The photocatalytic degradation of the 

pollutants in the presence of the visible light is most desirable where the visible light can 

be directly harvested. Therefore, photocatalysts with high efficiency of pollutant 

degradation are always under investigation. Besides the photocatalysis, the adsorption is 

highly attractive for wastewater treatment (dye adsorption) due to its simplicity and high 

uptake value. Therefore, the adsorbents of high uptake value of pollutants are always 

welcome. 

In my thesis work, I have explored novel metal oxides and their composites as (i) visible 

light sensitized photocatalysts and (ii) adsorbent materials, targeting the removal of 

hazardous chemicals from wastewater as a potential application. In particular, we have 

prepared zinc titanate (ZnTiO3) and bismuth ferrite (Bi2Fe4O9) and their composites with 

polyaniline to meet our goals. Besides this, the ZnTiO3 has been doped by nitrogen. These 

prepared materials have been found their potential application in the field of 

photocatalysis and adsorption. The thesis has been divided into two parts based on the 

materials applications in visible light photocatalysis and adsorption. A brief introduction 

of the thesis chapters is given. 

Chapter 1: A brief introduction of the thesis work has been presented in this chapter. 

Chapter 2: In this chapter a short introduction of the characterization tools is presented. 

These characterization techniques are used in the data collection for the current research 

work. We have also written the raw materials used in research work. 

Chapter 3: This chapter describes the formation of electrospun zinc titanate (ZnTiO3) 

nanorods and their application in the visible light photocatalytic degradation of the 

phenol. The fabrication of the nanorods has been achieved by the sol-electrospinning 

technique. The present study of ZnTiO3 nanorods has been compared with the previously 

reported bulk ZnTiO3 nanoparticles. The degradation rate constant (k) has been compared 

with their counterparts of bulk ZnTiO3 prepared by the sol-gel method. The comparison 
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shows that the degradation rate constant (k) has increased to 0.01065 min-1 in the presence 

of zinc titanate nanorods from value obtained with the bulk zinc titanate (0.00330 min-1).  

Chapter 4: In this chapter, we have prepared electrospun nitrogen-doped zinc titanate 

(N-ZnTiO3) nanoparticles by the novel sol-electrospinning technique. The prepared 

doped samples have been utilized for phenol degradation under visible light and the 

results have been compared with our previously published research article. The N-ZnTiO3 

has been well characterized to prove the nitrogen doping in ZnTiO3. The X-ray diffraction 

(XRD) pattern infers the hexagonal crystal structure in pure ZnTiO3 and N-ZnTiO3 

samples. Furthermore, it investigates that the nitrogen doping induces microstrain in the 

ZnTiO3 which estimated by the Williamson-Hall model. The BZT and EZT have been 

used for photocatalytic degradation of phenol under visible light irradiation. The rate 

constant (k) has been found to improve from 0.0033 min-1 in BZT to 0.01124 min-1 in 

EZT samples. The ZTO samples were nitrogen-doped leading to a reduction in band gaps 

and a further improved photocatalytic efficiency. In nitrogen-doped samples with 

presumably highest nitrogen content, photocatalytic degradation rate constant (k) further 

improved to 0.02051 min-1.  

Chapter 5: In the next set of study these oxide nanoparticles of ZTO were composited 

with polyaniline (PANI/ZTO). The composite showed excellent adsorption capacity 

giving a dramatic improvement in the adsorption performance towards dye molecules as 

compared to that observed with the PANI or the oxide nanoparticles separately as 

adsorbents. We attribute this effect to the increased accessibility of the PANI chains to 

the dye molecules due to their physisorption on to the nanoparticle surfaces. The prepared 

PANI/ZTO nanocomposite shows rapid adsorption and adsorbs 95% of CR dye (50 ppm-

150 ppm) from its aqueous solution in 15 mins which compares much favourably with 

respect to adsorbent materials studied by other researchers. From the analysis of the 

kinetic data, the process is found to be intra-particle diffusion limited. The equilibrium 

data best fit to the Langmuir model suggesting physisorption of CR over PANI/ZTO and 

with maximum adsorption (Qm) being 64.51 mg/g. 

Chapter 6: In this chapter, the bismuth ferrites (Bi2Fe4O9) was synthesized in different 

organic solvents. The effect of organic solvents was examined in the formation of 

Bi2Fe4O9. The morphological changes were observed on changing the solvents. The 
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nanorods formation of Bi2Fe4O9 with DMSO as solvents exhibits higher tendency of the 

methylene blue dye adsorption. 

Chapter 7: In order to further test the idea that adsorption of the polyaniline on to the 

nanoparticles leads to better accessibility for the dye molecules and hence better 

adsorption, we also tried PANI/BFO composites for CR adsorption. The adsorption 

efficacy becomes even better than that in PANI/ZTO giving 95% removal (50 ppm-125 

ppm) within 5 mins of adding the composite adsorbent. The Langmuir model suggests 

physisorption where the maximum adsorption (Qm) calculated 81.16 mg/g. The 

adsorption thermodynamics suggests spontaneous and exothermic adsorption which 

increases at the higher temperature. 

Chapter 8: The thesis work has been concluded in this chapter. Some of the future work 

related to the thesis has been suggested here. 
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Abbreviations/notations 

B.E:  Binding Energy 

BZT:  Bulk Zinc Titanate 

BNZT:  Bulk Nitrogen-doped Zinc Titanate 
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BET:  Brunauer–Emmett–Teller 

CB:  Conduction Band 

DMSO: Dimethyl Sulfoxide 
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DMS-B5: Bismuth Ferrite synthesized in DMSO at 525 oC 

DMF-B5: Bismuth Ferrite synthesized in DMF at 525 oC 

DRS:  Diffuse Reflectance Spectroscopy 

DLS:  Dynamic Light Scattering 

D:  Dark 

EDS:  Energy Dispersive Spectroscopy 

EZT:  Electrospun Zinc Titanate 

ENZT:  Electrospun Nitrogen-doped Zinc Titanate 
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PL:  Photoluminescence Spectroscopy 

RT:  Room Temperature 

THF:  Tetrahydrofuran 

THF-B5: Bismuth Ferrite synthesized in THF at 525 oC 

UV-Vis: Ultraviolet-Visible Spectroscopy 

VLPC:  Visible Light Photocatalyst 

VB:  Valence Band 

XRD:  X-Ray Diffraction 
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ZTO:  Zinc Titanate (ZnTiO3) 
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1 Chapter 1: Introduction and motivation 

1.1 Industrial pollutants and their treatment methods 

1.1.1 Brief historical development of dyes 

The dyes are a vital part of our life as these appear everywhere in our daily life. But, the 

dye’s history is deep-rooted. The five natural dyes were reported earlier around pre-3000 

BC in Egypt and the main sources of their extraction were vegetables, plants, and animals 

[1]. These five natural dyes were named Archil (Cl natural red 28), Madder (Cl natural 

red 9), Kermes (Cl natural red 3), Kermes contains kermesic acid, and Woad [1]. Since 

the origin of the dyes was natural at that time, therefore, these were biodegradable thereby 

was not caused harm to the environment. William Henery Perkin had innovated first 

synthetic dye ‘Mauveine’ in 1856 which led to the revolutionary changes in the dye's 

history [2]. Thereupon, the discovery of Mauveine had triggered the development of the 

new dye industries. Although, Mauveine based industries were dominant until the end of 

the 20th century before the discovery of ‘Phthalocyanines’ and ‘reactive dyes’ [3]. The 

discovery of synthetic dyes reduced the use of natural dyes drastically. The increasing 

demand for synthetic dyes was tocsin of the danger to the environment. In the past, dyes 

were derived from organic materials. Currently, numerous methods and materials are 

available for coloring the textiles [2]. While today’s methods are economically feasible 

and more efficient but always under the question of harmfulness to the environment and 

human beings.  

Today’s according to the data available around 700,000 tons of dyes are produced 

annually worldwide and used in different industries including textiles, printing, food, 

leather, etc [2]. Records say around 10-15% of total dye production lost as the dye effluent 

loaded with dyestuffs in the eco-system [2]. The released wastewater contains organic 
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molecules and metal complexes which are not acceptable worldwide and does not fulfill 

the environmental regulations [4–6]. The industrial effluent is a matter of concern as the 

dyestuffs persist in the environment due to less biodegradability, stability to the natural 

oxidizing agent, and photolysis [7]. Their presence in the environment is hazardous to the 

human and aquatic systems as most cytotoxic with proven carcinogenicity [8]. Moreover, 

the industrials waste dye effluents form a thin layer over the surface of receiving water 

bodies which consequently decreases the amount of oxygen dissolved and limits the 

penetration of the light in the water thereby affecting the food source of the aquatic 

organism by affecting the photosynthesis process [9]. 

1.1.2 Classification of dyes 

The dyes can be divided into many subcategories based on their source of origin, 

structure, application, and chemical composition as depicted in Figure 1.1 [10]. The azo 

dyes are most competent in all the dyes as these are using more than 50% for making 

colorant in the dye industries [10]. The azo dyes belong to the large class of aromatic 

molecules where its two nitrogen atoms are bonded with a double bond (-N=N-) and the 

aromatic rings are attached to the available site of nitrogen atoms [10]. Besides it, the azo 

dyes can be further classified into cationic azo dyes, anionic azo dyes, and many more as 

shown in Figure 1.1 and these are the most studied dyes for adsorption and photocatalysis. 

The methylene blue, cationic orange G, cationic black O, base yellow 21, etc. are 

examples of cationic dye while the congo red, ramazol black, ramazol red, etc belongs 

to anionic dyes. 
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Figure 1.1. Classification of the dyes. 

 

1.1.3 Impact of dyes on human being and environment 

During the coloration process, a huge amount of dyes does not bind to the fabric even 

after many cycles of fabrication and remain un-useful which discharge over the earth’s 

surface and into natural water bodies like rivers and lakes, etc [11]. Approximately, 10-

15% of the dye releases in the environment after the coloration process in the textile 

industries [12]. The long exposure of the dyes can be likely health hazards to the human 

being and they must be treated before release to the environment. Exposure of dyes can 

cause breathing problems due to the inhale of the dye molecules which affect the immune 

system of the human [13,14]. Other symptoms like itching, sore eyes, sneezing, coughing, 

and wheezing can also be the results of the impact of dye. On the other hand,  in 

comparison with the other dyes, the anionic and cationic dyes can easily penetrate living 

body cells and can cause carcinogenic effects even at the low concentration [15]. The 

congo red (CR) and methylene blue (MB) are the two different classes of dyes belong to 

the anionic and the cationic family of the dyes respectively. Since the dyestuffs discharge 
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into the environment openly or release into water bodies therefore their particles are 

present in the environment near to their sources. Thereby, the migrated dye’s particles in 

the environment can be inhaled and orally ingested into human beings causes serious 

health problems. For example, the inhalation of the methylene blue (MB) may give rise to 

the breathing problem while its oral consumption to the body may cause retching and 

initiate irritation, mental confusion, vomiting, perspiration, and methemoglobinemia [16]. 

Congo red (CR) is a diazo dye associated with benzidine which is a cancer-causing 

substance as declared by the International Agency for Research on Cancer (IARC), 

Department of Health and Human Services (DHHS), and Environmental Protection 

Agency (EPA) [17]. Therefore, CR  is also known as a human carcinogen and toxic 

compound for animals and plants [18]. The toxicity of Congo red is primarily connected 

to its intermediary metabolites, which directly disturbed DNA and produce apoptosis in 

HL-60 cells (human promyelocytic leukemia cell line) [19]. Apart from dyes, phenol and 

its derivatives are also considered toxic to the human being if long term exposed. These 

cause mainly diarrhea, anorexia, vertigo, progressive weight loss, excessive salivation, 

dark colored urine, blood, and liver effects [20]. Knowing the bad impact of the dyes and 

toxic compounds on the human’s life, plants, and animals, it is being crucial to eliminate 

the dyes from the wastewater prior to releasing into the environment. 

1.1.4 Use of dyes and management of its waste 

Industrial effluent is a big crisis all over the world as it contains metal complexes and 

dyes in high proportion [21,22]. The following industries such as the textile, paper and 

pulp, food, leather, pharmaceutical, pesticide, etc. have increased the use of synthetic dyes 

over the past years and continuing increasing due to the market demand of the items [23]. 

The cationic and anionic dyes are dedicated to dying acrylic fibers, polyester, nylon, 

polyacrylonitrile, paper, wool, silk, leather, cotton, etc [24]. In addition, the textile 
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industries release the waste at every step like printing, dyeing, and finishing. The released 

wastewater contains toxic heavy metals, high total dissolved solids (TDS), and non-

biodegradable dyestuffs which demonstrate high chemical oxygen demands (COD) and 

biological oxygen demands (BOD) [11]. Moreover, the wastewater which is disposed into 

natural water bodies like rivers and lakes reduces the depth of sunlight penetration and 

results in to decrease in the photosynthesis process consequently decrease dissolved 

oxygen amount [25]. The contaminated and turbid water is harmful to the human being 

and the aquatic system. Several techniques are developed to treat the wastewater and 

reduced the contaminants dissolved in water before releasing into natural water resources. 

The different technologies are listed in Figure 1.2 [11]. 

 

Figure 1.2. Classification of various methods for dye treatment. 

Among various methods, the adsorption is considered simple and feasible for dye removal 

because of its high capacity and no secondary product results [25]. The adsorption process 

has been described in the next section. 
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1.1.4.1 Adsorption 

Adsorption is a dye treatment technique that defines when the molecules or ions in the 

solution or gaseous phase stick to the solid surface (porous surface as well) or rarely liquid 

through physical and chemical interaction [26]. The adsorbed molecular species are called 

‘adsorbate’ while ‘adsorbent’ is the materials over which the adsorption occurs. While 

the reverse process is known as ‘desorption’ in which the adsorbate leaves the adsorbent 

under some conditions. The adsorption can be divided into three categories physical 

adsorption (physisorption), ion-exchange process, and chemical adsorption 

(chemisorption) depending upon the force of interaction involved [27]. The adsorption is 

called physisorption if it occurs mainly due to physical interaction like van der Waals 

forces and hydrogen bonding between the adsorbate molecules and adsorbent surface 

[26,28]. In the physisorption mainly the adsorbate with the low energy hit the surface and 

this energy dissipated as the lattice vibration of the solids thereby the adsorbates adsorbs 

over the adsorbent [29]. On the other hand, if the molecules hit the adsorbent with high 

energy then the molecules with bounce back and will not stick to the surface [29]. The 

enthalpy of the physical adsorption is typically less than 20 kJ/mol which imparts no 

change in the chemical structure and does not form any new chemical bond [26]. The 

physisorption is highly liable which can revert easily. The multilayer adsorption results 

in physical adsorption until the adsorbate species are not shielded completely from the 

electrostatic potential of the adsorbent [26]. Of course, the enthalpy of the adsorption 

keeps continuously decreasing in the multilayer formation in physisorption.  
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Figure 1.3. The diagram for the energy of adsorption vs adsorbate’s distance (d) 

from the adsorbent; physisorption involving low enthalpy (ΔHp) is represented by a 

solid line while chemisorption involving higher energy (ΔHc) is depicted by a dashed 

line; and ΔEa,c is the activation energy required for the chemisorption. 

 

Contrary to the physical adsorption, the chemisorption results in new chemical bond 

formation between the adsorbent and adsorbate. Therefore, the change in enthalpy of 

chemisorption is in between -40 kJ/mol to -400 kJ/mol, and chemisorption is always a 

spontaneous process [26]. The chemisorption limits monolayer formation on the 

adsorbent’s surface and restricts further adsorption if all the active sites are covered. Since 

the chemisorption is characterized by the real bonds (mostly covalent bonds) thereby, 

desorption is restricted at normal conditions and is an activated process. This is because 

desorption requires high energy for breaking the bonds to detach the molecules from the 

adsorbent’s surface. The energy of adsorption vs distance (d) of the adsorbate’s particles 

from the adsorbent’s surface has been depicted in Figure 1.3 [26]. Adsorption has been 

accepted as a green process for the removal of industrial pollutants as well as new 

emerging contamination [25]. Adsorption has proven a high uptake rate and minimum 
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secondary product. As the other chemical process, the adsorption is likely to influence by 

physical and chemical conditions such as temperature, pH, pressure, and redox 

conditions. As adsorption is a surface phenomenon so no doubt, it is more affected by the 

properties of the adsorbent’s surface. The adsorption is more likely to occurs at porous 

materials where more surface sites are available resulting in a high uptake value [26]. 

1.1.4.2 Adsorbent 

The adsorbent is the materials that are capable of adsorption of foreign atoms, molecules, 

and ions by virtue of their surface properties.  

 

Figure 1.4. A schematic representation of an adsorbent with possible adsorption 

sites. 

 

The surface of the adsorbent is more likely complex due to various kinds of pores and 

active sites that may exist in it. Figure 1.4 shows the matrix of the adsorbent where pores 

of different sizes have been shown. These pores are available for the adsorption of foreign 
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species of different sizes. The adsorbent molecules adsorb in the pores of the adsorbent. 

The pore sizes are classified into three categories as micropores (< 2 nm), mesopores (2-

50 nm), and macropores (>50 nm) [30]. Besides the pores, the adsorbent is also 

characterized by the availability of active sites over the surface of the adsorbent. The 

active sides can be the atoms, molecules, or functional groups on the adsorbent’s surface 

which have the capability of adsorption towards pollutant molecules. In addition to these, 

the surface charge of the adsorbent is an important factor in the adsorption process. The 

adsorbent with the opposite charge to their adsorbate is more active to adsorbed due to 

electrostatic interaction. Therefore, complete knowledge of the nature of adsorbent help 

in deciding to choose the correct adsorbent for the adsorption process.  

1.1.4.3 Photocatalysis/Visible light photocatalysis  

Photocatalysis has been proven as an emerging tool for addressing water contaminants 

[10,31]. Photocatalysis accelerates in the presence of photocatalyst when exposing to the 

light for the remediation of the waste dyestuffs and contaminants [32,33]. Photocatalysis 

can be stated as the redox reaction in which oxidation and reduction process take place 

simultaneously in the presence of light [34]. Many researchers have reported tremendous 

photocatalysts but these are limited to the use of UV-Vis light energy. The shortcoming 

with the UV-Vis light is its low amount (4-7%) in the solar spectrum and can not harvest 

directly from the sunlight [35]. Therefore, researchers are seeking the solution in the 

visible light which is tremendously available in the solar spectrum and can be directly 

harvested. Because solar energy is an abundant renewable source of energy on the earth 

and can be harvested for carrying photocatalysis reaction where photonic energy converts 

into other forms of energy [36]. The percentage of the different radiation in the solar 

spectrum is depicted in Figure 1.5 [37]. The UV radiation is limited to 4-7 % in the solar 

spectrum therefore, the visible light photocatalysis has been widely attracted by the 
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researcher due to the availability of visible light in abundant amounts (40% to 45 %)  in 

the solar spectrum [38]. Therefore, the term “visible” light photocatalysis is specifically 

used for the photocatalysis reaction if the visible light is being contributed. The 

photocatalytic reaction is already existing in nature as ‘photosynthesis by plants’, 

‘photocatalysis by suspension’, ‘photocatalysis by microalgae’, and 

‘photoelectrocatalysis’. The photocatalysis completes in four basic steps [33,39]. 

1.   Electron-hole pairs generation in the photocatalyst after being exposed to the light. 

2. Charge carriers separation where the electrons jump to the Conduction band (CB) and 

holes rest in the Valance band (VB).  

3.  The charge entities travel to the photocatalyst’s surface from their respective positions. 

4. The charge carries react with the water and oxygen at the photocatalyst’s surface and 

forms hydroxyl radicals and superoxides ions by the redox reaction. 

The bandgap of the semiconductor is the energy difference between the CB and VB, 

which is a vital property of the semiconductor. photocatalyst needs energy equal to 

bandgap energy to generate electrons and holes in CB and VB respectively [33]. The 

electrons and holes participate in the redox reaction occurring over the surface where 

electrons act as an oxidizing agent while holes as a reducing agent and they reduce and 

oxidize the compounds respectively [40]. The photogenerated charge carriers are short-

lived and have a tendency of recombination on the surface’s sites or on the way to the 

surface [41]. Therefore, photocatalyst must migrate these charge carriers promptly to the 

surface before recombination and that can be achieved by nano-sized particles. 

Nevertheless, charge carriers recombine and lost the harvested energy as heat by a process 

called non-radiative transition or light emission which is known as radiative transition 

[40]. 
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Figure 1.5. Distribution of solar energy spectrum according to the wavelength. 

 

Figure 1.6. General mechanism of photocatalytic degradation of contaminants by a 

semiconductor photocatalyst. 

 

The photocatalytic process is shown in Figure 1.6 [42]. The photogenerated electrons in 

CB react with available oxygen which produced oxygen superoxide while the holes into 

VB oxidizing the hydroxyl ions into hydroxyl radicals as represented in Figure 1.6 [42]. 

These superoxides and hydroxyl radicals have ample energy to break the pollutant’s 
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molecules into complete mineralization [35]. Three processes are involved in the 

photocatalytic degradation of the pollutants such as oxidation, electron injection, and 

oxidation and reduction. Photocatalysis has a signature of the promising technology that 

has huge applications in the research area of water splitting, hydrogen generation, 

environment cleaning, water purification, air purification, water disinfection, elimination 

of several pollutants, and complete mineralization of the organic compounds, etc [43]. 

1.1.4.4 Semiconductor photocatalyst 

Various semiconductors have been used as photocatalyst successfully in photocatalysis 

and other processes. These semiconductor photocatalysts are either be binary, ternary, or 

quadrilateral semiconductors. The types of ternary and binary semiconductors 

photocatalyst are represented in Figure 1.7 and Figure 1.8 respectively [43,44]. 

The photocatalysts with a d-transition metal are most studied semiconductor 

photocatalyst for the photocatalytic purpose for example TiO2, ZnO, Fe2O3, V2O5, ZrO2, 

and WO3, etc. Among them, Degussa P-25 Titanium dioxide (TiO2) is a well-known 

photocatalyst due to its excellent photocatalytic activities. Since TiO2 owns properties 

such as high chemical stability, non-toxicity, relatively low cost, high oxidizing 

characteristics, and is environmentally safe, it has been established as a trusted 

photocatalyst [45]. TiO2 is considered the most suitable photocatalyst for pollutant 

degradation due to its high oxidizing power in the UV-Vis range. Additionally, ZnO is 

the second most studied oxide photocatalyst after TiO2 due to its photochemical 

properties, low cost, and nontoxic nature. Even after they have compatible properties still 

both the photocatalyst (TiO2 and ZnO) are limited to respond in the ultraviolet irradiation 

only because of their large bandgap (3.2 eV for TiO2 and 3.4 eV for ZnO) [46,47]. But, 

the main objective of synthesizing the binary oxides such as ZnTiO3 is to develop 

photocatalysts that can harvest visible light from the solar spectrum, and even the poor 
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illumination can be sufficient to start photocatalysis. To overcome the wide bandgap of 

the semiconductors and to harvest the visible light, the researchers have modified the 

crystal structure of the materials also by doping, change in morphology of the materials, 

and preparing the heterostructure with the combination of two or more than two binary 

oxide semiconductors [48–51]. 

 

Figure 1.7. Classification of ternary metal oxides semiconductor photocatalyst. 

In addition to this, Binary oxides are those which have two metallic/metal-like 

components. These are successfully utilized as photocatalyst for the degradation of 

organic pollutants under visible light irradiation. Various binary oxide catalysts seem to 

be potentially promising, since it is well-defined that binary oxide compounds often show 

higher catalytic activity and selectivity than what one can predict from the properties of 

their components [52]. Domen et al. showed that the photocatalytic activity of the SrTiO3-

NiO compound is higher than the SrTiO3 for the decomposition of water [53]. Bard et al. 

reported that the photocatalytic activity of ZnS.CdS/SiO2 is higher than those of its 

component oxides for H2 production [54]. Masakazu et al. presented that the 
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photocatalytic activity of TiO2 in titanium-silicon oxides compound enhances 

photocatalytic reactions of alkenes and alkynes with water [52]. Similarly, many more 

researchers reported that the photocatalytic activity of TiO2 remarkably increases when it 

forms binary compounds with ZnO, ZrO2, WO3, CeO2, Fe2O3, CdSe, etc [55]. It has been 

reported that binary oxide semiconductors seem to be attractive and feasible 

photocatalysts for the utilization of solar energy because of possibilities presented by 

inter-particle electron transfer, heterostructure, bandgap engineering, etc. [54]. As it is 

well established that the photocatalytic process is based on the generation and separation 

of electron-hole pairs by means of band-gap radiation [56]. It has been found that the 

binary oxide semiconductors play a crucial role in separating the generated charge carriers 

due to misalignment of the conduction band minimum and valance band maximum of the 

oxides components [57]. Consequently, the lifetime of the charge carriers increases 

therefore electrons and holes are available for a longer time for the redox reactions with 

the species adsorbed on the surface of the photocatalysts [56,58]. In principle, the binary 

oxide semiconductors are advantageous in order to absorb a wide range of solar radiation 

(UV and visible both) and to achieve a more efficient electron-hole pair separation, which 

results in higher photocatalytic activity [56,58]. 

Few properties are crucial for any materials for being a good photocatalyst as listed below. 

1. The bandgap of the photocatalyst should be in the range 1.8 eV to 3.1 eV corresponds 

to the wavelength (400 nm to 700 nm) of visible light. 

2. The maximum surface area of the photocatalyst. 

3. Fast electron-hole pair separation. 

4. The long lifetime of charge carriers. 

5. Minimum recombination rate of the photogenerated charge carriers. 
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6. The CBM  and VBM  of the semiconductor should be appropriate to the band edge of 

the pollutant. 

 

Figure 1.8. Classification of binary semiconductor photocatalyst. 

 

1.2 Nanomaterials and their nanocomposites 

1.2.1 Perovskite Structured materials 

The Russian geologist ‘Count Lev Aleksevich von Perovski’ discovered the Perovskite 

structure of materials of the structural formula ABX3 [59]. Where A and B represent the 

cations and X denotes the anion. Cation A is bigger than cation B. The perovskite structure 

occurs in many sub crystal structures but the cubic crystal structure is considered as an 

ideal perovskite structure. The ABX3 forms a 3D crystal structure where 8 octahedra BX6 

sitting on the corner of the structure centered A-cation. The A-cations are surrounded by 

12 coordinated BX3 cavities and also by 12 X anions whereas 6 X anions are coordinated 
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to B-cations in the perovskite structure [60]. Figure 1.9 typically represents the cubic 

perovskite structure [61]. 

 

Figure 1.9.  A schematic structural representation of ABO3 type perovskite 

materials. 

The following constancies are defining the perovskite crystal structure [62]. 

1. Tolerance factor (t). 

2. Octahedral factor 

3. Ionic radii of A-cation and B-cation. 

In 1926, Goldschmidt had proposed the idea of ‘tolerance factor’ to investigate the 

stability of the perovskite materials [63]. The tolerance factor (t) is expressed in the below 

Equation (1-1). 

 

𝒕 =
𝒓𝑨 + 𝒓𝑩

√𝟐(𝒓𝑩 + 𝒓𝑿)
 (1-1) 
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Where rA, rB, and rC represent the ionic radii of the A-cation, B-cation, and C-anion 

respectively. Also, the perovskite structure is said to be an ideal if the bond length ratio 

between the bonds A-O and B-O is constant √2: 1. Roughly, if it is assumed that the sum 

of ionic radii is equal to the bond length then the tolerance factor will be 1. But, 

Goldschmidt found that the experimental value of the tolerance factor in between 0.815-

0.965 somewhat smaller than 1 for perovskite structure [61,62]. However, for the 

distorted perovskite structure, the tolerance factor can be a wider range of t. Therefore, 

researchers have accepted the importance of tolerance factor (t) to define the stability of 

the perovskite materials including oxides [61]. Apart from this, the stability of perovskite 

materials is not only defined by tolerance factor but one more factor known as octahedron 

factor is also recognized to define the stability and it is as much as important as tolerance 

factor [64]. The ratio of ionic radii of cation to the anion (rB/rX) gives the value of the 

octahedron factor which lies in between 0.414-0.732. The third factor, ionic radii 

themselves use to calculate the stability of the perovskite ABX3 [64]. As perovskite and 

perovskite-type materials are sustainable at the high-temperature range, therefore, these 

are owing to various physical and chemical properties suitable for numerous applications 

[61,65]. Different theoretical schemes have been proposed to study the stability of the 

perovskite structures. Muller and Roy suggested a theoretical plot called “structural map” 

to study the stability of perovskite materials ABX3, A2BX4, and ABX4. In that plot, Mullar 

and Roy considered the ionic radii of A-cation and B-cation as the coordinate for the 

structural map [60]. The second model was proposed by Mooser and Person in 1959 based 

on the difference between the electronegativities of the cation and anion as well as the 

average principal quantum number [66]. Mooser and Pearson's model successfully 

discriminates between the different crystal structure type compounds for example AX, 

fluorides of ABX, and halides of AX2. 
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1.2.1.1 Zinc titanate (ZnTiO3) 

Zinc titanate (ZnTiO3: ZTO) is one of the family members of the ZnO-TiO2 system [67]. 

Previously, only two compounds zinc orthotitanate (Zn2TiO4) and zinc metatitanate 

(ZnTiO3) were reported as the members of ZnO-TiO2 family [67]. Later research (Lavy 

et. al.) shows the existence of three more zinc mesopentatitanate (Zn4Ti5O14), zinc 

orthodititanate (Zn3Ti2O7), and zinc paratitanate (ZnTi3O7) compounds in ZnO-TiO2 

family [67]. Therefore, so far, a total of five members in the ZnO-TiO2 system have been 

discovered. However, experimental results show trivial confirmation of the formation of 

all five subtitanates. The ZnTiO3 is one of the important material exists in two forms 

namely Cubic and Rhombohedral. ZnTiO3 is a promising candidate in many areas such 

as paint pigment,[68] gas sensors [69], photocatalysis [70,71], a catalytic sorbent for the 

desulfurization of hot gases [72–75], lubricants [76], non-linear optics [77], luminescent 

materials [78], microwave dielectric [79], and microwave resonator [80]. Various 

synthesis processes such as sol-gel [81], hydrothermal methods [82], precipitation method 

[83], solid-state reactions [84], Pechini processes [85], sputtering [86], microwave 

heating [77], and physiochemical route [69], molten salt, etc., methods have been widely 

adopted to synthesize ZnTiO3 successfully. ZnTiO3 was found to be a visible light 

photocatalyst (VLPC) and successfully degrade phenol and its derivatives dues to its 

physical and chemical properties in our previous research article and many others 

reported research articles [71]. The physicochemical properties such as the position of 

LUMO and HOMO, bandgap energy, carrier’s lifetime, and low recombination rate of 

charge carriers are in the favor of ZTO to be the best visible light photocatalyst. ZnTiO3 

is an n-type semiconductor as reported previously [87].  
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1.2.1.2 Bismuth ferrite (BiFeO3) 

Bismuth ferrite (BiFeO3: BFO) is a well-established single-phase multiferroic materials. 

Its temperature dependence of structure and magnetic order parameters: ferroelectricity, 

and antiferromagnetism (G-type) coexist at room temperature [88]. Its ferroelectric 

transition temperature (TC) is relatively high at 1100 K while antiferromagnetic transition 

temperature (TN) at around 643 K [88–90]. In recent years, numerous approaches have 

been used to synthesized BFO including sol-gel method [91], pulsed laser deposition [92], 

hydrothermal methods [93], electrospinning technique [94], solid-state reactions [95], 

microwaves hydrothermal reaction [96], magnetrons sputtering [97], and others [98].  

BFO belongs to the rhombohedral distorted type perovskite structure of space group R3c 

[88,99]. The crystal structure of the BFO (rhombohedral perovskite structure) is distorted 

from the ideal perovskite structure because the octahedral BO6 tilt around the tried axis 

by a tilt angle ω and the cations A and B are also dislocated from their ideal position [99]. 

The ferroelectricity and antiferromagnetism both are crucial properties of BFO which 

make it valuable in numerous applications. The origin of these properties is briefly 

explained. The displacement of cations A and B from their ideal position causes a 

positional imbalance in charges thereby an electric dipole moment generates which 

facilitates spontaneous electric polarization along one of the [111] axes in the BFO 

resulting in ferroelectricity at room temperature. The spontaneous polarization can switch 

into eight possible directions along the diagonals (both negative and positive) of the 

rhombohedral with angles 0˚, 180˚, 109˚, and 71˚ [88]. On the other hand, G type 

antiferromagnetism is found in BFO which is due to the nearest Fe moments are aligned 

antiparallel to each other in all the cartesian direction. The antiferromagnetism in BFO 

arises due to the nearest Fe moments are aligned antiparallel to each other in all three 
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cartesian direction [100]. The tilt angle ω is driven from the following Equation (1-2) 

[99]. 

𝐭𝐚𝐧 𝝎 = (𝟒√𝟑)𝒆 (1-2) 

Where e is related to the rotation of an octahedron face about the triad axis [88,99].  

1.2.2 Conducting polymers 

1.2.2.1 Polyaniline (PANI) 

PANI  is conducting polymers that belong to the semi-flexible rod polymer family and is 

also known as ‘aniline black’[101]. PANI is a widely used conductive polymer due to its 

rich chemistry and ease of preparation, stability, and easily acid/base doped/dedoped 

properties [102]. It synthesizes mainly by the chemical oxidation polymerization or 

electrochemical polymerization of the aniline monomers and is found in three different 

oxidation states depending upon the preparation methods [101,103]. 

1. Leucoemeraldine 

2. Emeraldine 

3. Pernigraniline 

Two forms of PANI are being synthesized know as emeraldine salt (ES) and emeraldine 

base (EB). The EB is neutral and being electrically conductive (ES) when doped with 

acid. The conductivity of the emeraldine salt increases with the level of acid doping in 

the insulating base [101,103,104]. The conductivity (σ) of polyaniline rises from 10-10 

S/cm (EB form) to 1 S/cm (fully doped with acid, ES form) [103]. The conductivity of 

emeraldine salt can be tuned chemically or electrochemically by changing oxidation 

states. Chemically, the protonation of EB by acids results in ES [103]. Figure 1.10 

represents the schemes of polyaniline in different oxidation states [101]. 
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Figure 1.10. Synthesis of polyaniline and its different forms. 

 

Polyaniline is known for its sp2 hybridization structure [105]. The backbone of the 

polyaniline has π conjugated chains which result in the delocalization of electrons along 

the entire chain. Consequently, polyaniline has special electrical properties [105]. The 

polyaniline is widely used in many areas of research such as sensors [106], batteries [107], 

fuel cell [108], adsorption [109], photocatalysis [110], and many more. The two forms of 

PANI can easily identify by observation as the EB is green color powder while the ES is 

a dark blue colored powder [111], The addition of PANI with other compounds, for 

example, metal oxides form the composites or heterostructures to assess its full potential 

towards the applications [112]. 

1.2.3 Heterostructured nanomaterials and their advantage 

The combination of more than one nanocrystalline semiconductors led to the design of 

new heterostructure semiconductor materials. Heterostructured nanomaterials are 
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classified into five categories depending upon the type of materials used for 

heterostructure [35,43]. 

1. Metal/semimetal type heterojunction 

2. Semimetal/insulator type heterojunction 

3. Metal or semimetal/semiconductor type heterojunction 

4. Semiconductor/semiconductor type heterojunction 

5. Semiconductor/insulator type heterojunction 

Among them, metal or semimetal/semiconductor and semiconductor/semiconductor type 

heterostructured nanomaterials gained much attention due to their advanced properties 

[113,114]. Besides the above heterojunction materials, the doped semiconductor (n-type 

or p-type) are also the other form of the heterostructure [115]. It is called isotype and 

anisotype depending upon the doping sides of host materials as the materials doped with 

the same or different materials respectively. The new heterostructured semiconductor 

materials recognize owing to their potential applications in water splitting, photocatalytic 

degradation of pollutants, adsorption, and others [43,116]. The two most important 

advantages result from the coupling of the semiconductors materials as underneath [43]. 
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Figure 1.11. Two basic type coupled and capped heterostructure semiconductor 

photocatalyst. 

 

1. Increases the photoresponse of the heterostructure by coupling large bandgap 

semiconductors to small bandgap semiconductors. 

2. Decrease the recombination rate of the photogenerated electrons and holes by 

bypassing their direction of movement into CB and VB. 

Figure 1.11 represents the two basic kinds of capped and coupled heterojunction 

configuration of the materials with the charge separation mechanism [116]. The charge 

separation mechanism is identical while the interfacial charge transfer mechanism is 

unlike in both the heterojunction materials [43]. In the coupled heterostructure as shown 
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in Figure 1.11(a), both the e- and h+ are accessible at the semiconductor’s surface thereby 

participating in the redox reaction [43]. In contrast to that, the capped heterojunction 

structure looks like a core-shell structure. The charge rectification occurs in capped 

heterojunction structure thereby only one kind of charged species is available for the 

redox reaction at the outer semiconductor's surface. Meanwhile, the other kind of charged 

species is getting trapped by the inner semiconductor [43]. 

1.2.4 Electrospun nanofibers/nanowoven and their industrial applications 

The nanofibers have gained much interest in various applications due to their remarkable 

functional properties [117]. The electrospun nanofibers are advanced than their 

counterparts conventional fibrous due to their distinctive properties such as light-weight, 

small diameter, high porosity, controllable pore structure, appreciable mechanical 

strength, and high surface to volume ratio [117–119]. These properties make them unique 

for numerous applications. The nanofibers can be drawn from polymers and other 

materials with the help of polymers as guiding materials [120,121]. The size of the 

nanofibers varies from 1 nm to several nm depending upon the used polymers, processing 

methods, and other environmental conditions [122]. The nanofibers can be formed by 

natural or synthetic polymers [119]. Examples of natural polymers are gelatin, keratin, 

silk fibers, cellulose, collagen, and polysaccharides [117,119]. Meanwhile, the examples 

of synthetic polymers are polyvinyl alcohol (PVA), polyvinyl pyrrolidine (PVP), 

polyvinylidene fluoride (PVDF), polyvinyl chloride (PVC), polyvinyl acrylonitrile 

(PAN), etc [117,119]. The nanofibers have been made by various methods including 

electrospinning, template synthesis, drawing, self-assembly, and thermal-induced phase 

separation [123,124]. Among all the methods, electrospinning has attracted tremendous 

attention due to its advantages such as straight forwards setup, the capability of mass 

production of nanofibers from various polymers, mileage of forming ultrafine fibers with 
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the controllable diameter, easily tunable pore sizes and porosity, composition, and 

orientation of the nanofibers [117,118]. The electrospinning technology is flexible in 

producing different kinds of structures and morphology of the nanofibers such as 

nanoribbons, nanotubes, hollow nanofibers, solid nanofibers, nanobeads, core-shell 

nanofibers structures [125,126]. 

 

Figure 1.12. Applications of electrospun nanofibers in numerous fields. 

 

Figure 1.12 depicts the application of nanofibers in different fields of industries, research, 

and technology. Few electrospun nanofibers examples are briefly described here. The 

electrospun nanofibers are commonly used in air filtration as a facemask, air purifier, 

vacuum cleaners, drug delivery, electrodes, etc [117,125,127–129]. Liu et al. reported 

that thin electrospun nanofibers were coated over metal mess which could successfully 



26 

 

be used to accumulate more than  95% of PM0.25 (Particulate matter 0.25) in a polluted 

environment area [130]. Further, the one-dimensional (1-D) nanofibers are used to 

prepare structures like a 2-D sheet and 3-D structures that have their significance in the 

applications [131]. Numerous studies previously proved that the electrospun nanofibers 

are in great use as photocatalyst because of their high surface area and porosity which 

enables tremendous reactive sites for the chemical reactions [71,132]. 

1.2.5 Doping 

In general, metal oxides are the most investigated materials as photocatalyst for 

environmental care applications by degrading pollutants on a large scale [133,134]. Metal 

oxides are characterized by their bandgap energy which makes them an appropriate 

material for photocatalytic degradation. The bandgap energy of the metal oxide 

semiconductors can range from UV to visible range of light [135]. The semiconductors 

that respond to UV light are called wide bandgap semiconductors. Since the UV light is 

only 4-7% in the solar spectrum therefore wide bandgap semiconductors are set their limit 

[136]. On the flip side, the availability of visible light in the solar spectrum opens the 

doors for new possibilities for the semiconductor photocatalyst. Therefore, new 

possibilities are to prepare the new visible-light photocatalyst as well as a lesson the 

bandgap of the wide bandgap semiconductors so that the longer wavelength of the solar 

spectrum can be harvested. Besides the wide bandgap, other shortcomings such as the 

high recombination rate of charge carriers, the short-lived lifetime of charge carriers, etc., 

restrict their use [35,135]. Many methods have been attempted to fix the above 

shortcomings. One of the methods called doping attracted the attention of the researcher.  

Doping is a process of adding a very small amount of foreign entities into the pure 

semiconductor materials (one dopant atom per 1×104 to 1×108 atoms of host 

semiconductor) [44]. Doping in the semiconductors is a vital approach to engineering the 



27 

 

various important properties of the semiconductor. A little amount of dopant can changes 

the following properties of the semiconductor materials [135,137,138]. 

1. Narrowing the bandgap. 

2. Addition of impurity energy levels and formation of oxygen vacancies. 

3. Surface morphology, surface area, porosity, wettability, structure, and crystallinity. 

4. Optical, electrical, and thermal properties. 

5. Recombination rate of charge carriers, redox potential, and charge carriers mobility. 

The dopants provide the new energy levels in between the bandgap of the SC which 

results in the narrowing of the bandgap [135]. Due to narrowing bandgap energy, a less 

amount of energy (hν) is required to excite electrons and consequently create electron-

hole pairs. It also helps to improve the trapping of electrons and consequently decreases 

the rate of recombination. Thus, overall, doping improves the photocatalytic reaction. 

Figure 1.13 represents the bandgap narrowing mechanism [39,137]. 

Both metal and non-metal atoms can be used as the dopant [44,135]. Metal doping can 

enhance photocatalytic activity either by a red-shift in the visible light absorption or 

modifying the potential of the photoexcited charge carriers [135,138]. Besides this, one 

of the shortcomings of thermal instability is always associated with metal doping 

[135,138]. Meanwhile, non-metal doping advances over metal doping as it can react with 

the metal-oxides in the following manners [139,140]. 

1. The dopant can hybridize with the oxides of SC. 

2. The dopants substitute the oxygen sites which results in oxygen vacancies. 

3. The addition of dopants at the oxygen-deficient sites acts as a blocker for reoxidation. 
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Thus, non-metal doping is more important as compare to metal doping. The non-metal 

doping also eliminates the possibility of thermal instability of the metal-doped SC [141]. 

 

Figure 1.13. Mechanism of bandgap reduction in the doped semiconductor. 

 

1.2.6 Rationale for selecting Zinc titanate and Bismuth ferrite 

As we have already described the advantages and disadvantages of the TiO2 and ZnO as 

photocatalyst. The biggest disadvantage is that of a large bandgap (3.2 eV for TiO2 and 

3.4 eV for ZnO) due to which it is only active in UV irradiation. Our purpose is to harvest 

visible light for photocatalysis which is abundant on the earth. For that purpose, we have 

used a combination of the above two materials in the form of ZnTiO3 [142]. Also, in our 

earlier work, we have found the bandgap of ZnTiO3 prepared by the sol-electrospinning 

method to be 2.83 eV. Therefore ZTO is a promising material for visible light induced 

photocatalytic material overcoming the limitations in ZnO and TiO2, and yet possessing 
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the best features of the two materials [71].  Besides this, ZTO offers a wide possibility of 

bandgap engineering by methods such as doping and by changing the morphology, so as 

to enhance its sensitivity to visible radiation. Many works of literature have reported that 

the lessening in the bandgap can be achieved by doping using metal and non-metal 

elements. However, non-metal doping is preferred due to its better thermal stability as 

compared to metal doping [143]. Picking this idea led us to further scaling down the 

bandgap energy by using nitrogen as a dopant. Since nitrogen is comparatively equal in 

size to oxygen therefore easily can replace oxygen in host materials and can be doped 

effectively. Hence, we have prepared nitrogen-doped zinc titanate by sol-gel and 

electrospinning technique. We have successfully degraded the phenol by nitrogen-doped 

zinc titanate in presence of visible light [144]. 

We have selected bismuth ferrite (BiFeO3) as another binary oxide material for 

visible light photocatalysis in my thesis work. In addition to being sensitive to visible 

light, bismuth ferrite is also has magnetic properties and the unit cell possesses a 

permanent dipole moment due to slight asymmetry in its structure [145,146]. Owing to 

its magnetic behaviour, in photocatalytic applications, it will be much easier to separate 

and recharge this catalyst after the reaction is over. Owing to its multiferroicity combined 

with its potential as a visible light catalyst, it is an attractive material to study. In this 

thesis, we have studied the effect of solvent on the catalyst prepared by solution route, in 

terms of its adsorption and catalytic behavior. We have prepared BiFeO3 with three 

different solvents DMSO, DMF, and THF. Interestingly, we have found that BiFeO3 

synthesized in the DMSO as a solvent shows adsorption behavior towards methylene blue 

(MB) dye. Therefore, we continue with BiFeO3. We have also modified the BFO 

nanoparticles by compositing it with polyaniline (PANI/BFO) which shows rapid 

adsorption behaviour towards congo red dye.” 
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1.2.7 Overall objective of the thesis 

Synthesis and characterization of zinc titanate particles and their applications in visible 

light induced photocatalytic degradation of environmental pollutants, specifically phenol. 

• Nitrogen doping of zinc titanate for improving its photocatalytic 

performance. 

• Synthesis and characterization of polyaniline-zinc titanate composite 

materials and its application as a highly adsorbent material for dye 

treatment in effluent wastewater. 

• Study of effects of solvents used in the synthesis of bismuth ferrite, on its 

adsorption efficiency towards methylene blue. 

• Synthesis and characterization of polyaniline-bismuth ferrite composites 

and its application as an adsorbent material for dye treatment. 
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2 Chapter 2: Synthesis methods and characterization 

technique 

2.1 Synthesis methods 

2.1.1 Sol-gel method 

The sol-gel method is a well-known synthetic approach to synthesize novel metal 

oxides, doped metal oxides as well as mixed composites nanomaterials [147]. The sol-gel 

method is subjected to three basic steps  ‘hydrolysis’, ‘condensation’, and ‘drying 

(calcination)’ as listed below [148].  

1. Sol formation: the hydrolysis of the metal precursors followed by the 

polycondensation process at room temperature. 

2. Gel formation: the particles in the “sol” connecting in the three-dimensional 

networks in an aqueous medium. 

3. Calcination or sinteration: the above products (gelation form) are calcined at a 

reasonable temperature so that the solvents evaporate and result in the final 

product. 

The sol-gel is a quite versatile solution-based method useful in producing various 

kinds of shapes and microstructures of the materials [149]. For examples, the bulk 

materials synthesize by pouring the gelling sol into a matrix, the nanofibres of the viscous 

sol of the appropriate composition can be drawn by the electrospinning technology [150], 

the thin films of the sol can be fabricated by the spin coating or dip coating technology 

[77,151], membranes are prepared by pouring the sol onto porous oxides with coarse 

pores [147], and particles of different size distribution are prepared by simple control over 

the synthesis process by sol-gel method [152]. It is a simple method by which the 

properties of the materials can be engineered only just by changing its parameters such 
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as nature of the precursors, solvents, pH value of the medium, temperature, time of the 

reaction, reagent, concentration, catalyst nature, the addition of organic additives, 

gelation time, and calcination temperature during the reaction [153]. The sol-gel method 

is classified as ‘aqueous’ and ‘non-aqueous’ depending upon the solvent used. The 

aqueous sol-gel results if the water is taken as a solvent and non-aqueous sol-gel consists 

of organics as a solvent [154]. 

2.1.2 Electrospinning technique 

Electrospinning is a technique based on a voltage-driven process and governed by the 

electrohydrodynamic phenomena [119,155]. This technique is useful in producing the 

nanofibers and nanoparticles by polymeric solution and melt [119,155]. The electrospun 

nanofibers are advanced in their size and surface area as compared to the fibers produced 

by the other conventional techniques [119]. The most simple electrospinning setup 

consists of a source with a blunt needle or jet, a pump, a higher voltage power supply 

(several tens a DC voltage), and a collector. Electrospinning initiates when the repulsive 

forces between the charges (positive or negative) in the high electric field overcome the 

surface tension of the solution [156]. On applying high voltage, the solution droplets form 

a Tylor cone at the outlet of the jet [157]. The viscoelastic solution at the end of the Tylor 

cone stretches by the repulsive forces on the jet followed by the evaporation of the solvent 

led to the fabrication of fibers onto the collector [117]. The properties of the electrospun 

materials are significantly affected by electrospinning parameters and solution properties 

[122]. The parameters that affect electrospinning are solution feed rate, applied voltage, 

jet to collector distance, jet path, phases in electrospinning jet, nozzle diameter, 

electrospinning polarity, and speed of rotation of the drum [117,118,122]. While the 

solution properties that significantly affect electrospinning are the viscosity, 

concentration,  conductivity/surface charge density, surface tension, solvent volatility, 
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solution temperature, the molecular weight of polymer, and solution phase transitions 

[118,158]. Currently, horizontal and vertical, two standards electrospinning setups are in 

utilization. Various nanostructures such as nanofibers, nanorods, nanoribbons, nanotubes, 

and nanoparticles, can be produced by this unique technique [71,159–162]. Time to time, 

modifications are done in basic electrospinning technique for example core-shell 

electrospinning technique, in order to enhance the properties and functionalities of the 

nanostructured materials [126,163]. In core-shell electrospinning, two unlike solutions 

are carried independently through the co-axial tubes to drawn core-shell structured 

nanofibers. The core-shell electrospinning is found to be useful to make a different kind 

of core-shell nanostructures such as core-sheath nanofibers, hollow fibers, fibers from 

non-electrospinnable solutions, and microparticles encapsulated nanofibers [125,164–

166]. Each different structure has led to a different application to enhance the 

functionalities of the materials and expands the scope of the electrospinning technique to 

meet the requirement of the next generation electrospun materials. Electrospinning 

nanotechnology is extensively used in various fields such as biomedical, environmental 

care, water filtration, air filtration, biotechnology, sensors, defence, catalysis, tissue 

engineering, and many more [121,122,171,125,159,160,162,167–170]. Thus, 

electrospinning is a simple, multipurpose, and cost-effective technique that produces non-

woven fibers of high surface area to volume ratio, high porosity, and tunable porosity, etc 

[117]. These properties of the electrospinning technique make it a valuable technique in 

a wide range of applications.  

2.1.3 Sol-electrospinning technique 

Sol-electrospinning technique is a rather forgiving technique to produce nanofibers of 

specific diameters and architectures of materials of choice [172,173]. This technique is 

widely used to prepare metal oxide nanomaterials with the help of spinnable polymers as 
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the guiding materials [172]. Sol-electrospinning technique is a combination of the sol-gel 

process and electrospinning process to prepare nanostructured materials of high surface 

area and high porosity. In the sol-electrospinning process, the precursor of the metal 

oxides is blended with a suitable polymer before electrospinning [120]. The addition of 

polymer into precursor provides necessary viscosity to the solution in order to make it 

spinnable [158]. 

Now, the solution is filled into a syringe and the syringe is being pumped at a very 

minimum flow rate (for example, 50 µL/min to 1000 µL/min). The syringe to collector 

(counter-electrode) distance keeps constant around 10 cm (this is adjustable according to 

requirement). The positive potential is applied at the needle with respect to counter-

electrode to maintain the high potential difference between them [117]. Adjusting the 

potential difference causes the change in fiber's diameters and morphology [122]. The 

high positive potential for example, of 10 kV is applied at the needle which led to creating 

a very strong electric field in between needle (source) and collector (counter-electrode). 

The solution starts to fabricate over the collector drum by the jet formation as the applied 

electric potential to overcome the surface tension of the droplets [156]. Once the jet is 

formed then it is an entanglement of the polymeric chains that prevent the dissection of 

the jet thereby maintaining the continuity of jet successfully led to the fabrication of 

electrospun materials[117]. 

2.1.4 Chemical oxidative polymerization technique 

The chemical oxidative polymerization technique is a novel approach to synthesize 

polymeric products from various classes of monomers [174]. This technique is widely 

used to prepare conductive polymers such as polyaniline, polypyrrole, polythiophene, etc 

from their respective monomers [174,175]. Chemical polymerization of the monomers 

initiates in the presence of relatively strong oxidizing agents like permanganates, 
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ammonium peroxydisulfate (APS), bichromate ions, hydrogen peroxides, and ferric ions. 

The monomers used in the oxidative polymerization process are capable of pronounced 

electrons donate properties and high oxidation tendency [175,176]. The used monomers 

are oxidized in the presence of these strong oxidants and led to the formation of chemical 

active cation or radical cations in the appropriate solution [176]. The formed chemical 

active radical cations react back to the monomers in the solution results in the formation 

of oligomers or insoluble polymers [177]. In this way, the chemical oxidative process 

occurs continuously in the presence of strong oxidants in the bulk of the solution, yielding 

the resulting polymer as an insoluble solid [176]. It can be considered to the formation of 

a covalent bond between the monomer molecules at the expanse of abstracting two 

protons [176]. Oxidative polymerization may have various kinds of linkage between the 

monomers. These linkages occur in the form of ‘head to head’, ‘head to tail’, and ‘tail to 

tail’, of active cations between the monomers during the polymerization [176].  

2.2 Characterization Technique  

2.2.1 X-ray diffractogram (XRD) 

The X-ray powder diffraction analysis (XRD) is perhaps an extensively used analytical 

technique for characterizing materials. This technique is based on the phenomena of 

constructive interference of monochromatic X-rays [178]. X-rays are produced by the 

cathode ray tube which is further rectified by some means to produce a monochromatic 

X-ray beam, perfectly collimated, and exposed directly to the sample [178]. These X-rays 

interfere constructively after diffracted from the crystal’s plane and generate X-ray 

diffractograms [179]. The X-rays are diffracted from the crystal’s planes which follow 

Bragg’s law as given in the following Equation (2-1) [179]. 

𝟐𝒅 𝐬𝐢𝐧 𝜽 = 𝒏𝝀 (2-1) 
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Where d denotes the interplanar spacing, θ is the half of the diffraction angle, n is an 

integer that reflects the order of diffraction, and λ (1.54 Å) represents the wavelength of 

the incident monochromatic X-ray beam. X-ray diffraction is shown in Figure 2.1. 

 

Figure 2.1. A schematic diagram of X-ray diffractogram (XRD) represents the 

diffraction of incident x-rays from parallel planes having atoms in a regular pattern. 

 

The powder sample scans through the whole range of diffraction angle 2θ (typically 5º to 

90º). The detector collects all the possible diffraction peaks and counted them. The 

diffractogram plots the data intensity of diffracted peaks versus diffraction angle 2θ. The 

primary elements of the X-ray spectrometer are X-ray tube, a sample holder, and various 

detectors [178]. The X-ray beam of wavelength 1.54 Å is produced by the Copper 

element.  

Various important parameters can be investigated from the XRD pattern such as 

crystallite size, percentage of a particular phase of the materials, and microstrain in the 

sample [180–182].  
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The XRD technique is too important to analyze the strain-induced in the materials 

[182,183]. The XRD diffractogram can differ from the ideal sample in the terms of peak 

shifting and peak broadening according to the uniform and non-uniform strain-induced 

respectively [141,184,185]. The interstitials, substitution, dislocations, vacancies, and 

shear plans generate tensile and compressive forces in materials [141,184]. These tensile 

and compressive forces produce microstrain in the materials [186]. The microstrain-

induced scheme is shown in Figure 2.2.  

The application of XRD is widely found in various areas of research such as materials 

science, geology, environmental science, engineering, and biology to investigate the 

crystal structure of unknown materials and more. 

 

Figure 2.2. Induced strain in the normal lattice changes the XRD pattern as 

represented. 
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2.2.2 Fourier Transform Infrared (FTIR) spectroscopy 

FTIR is a widely used analytical technique to detect the functional (organic and inorganic) 

groups in the materials. FTIR is based on the Michelson Interferometer experiment where 

the vibrations in the molecules are detected after exposure to electromagnetic radiation 

[187]. The basic principle behind FTIR spectroscopy is that most of the molecules 

absorbed infrared radiation (IR) which results in the vibrational motion of the bonds of 

the molecules [188]. The absorption of the IR radiation by a specific bond is the 

characteristic absorption of that bond [187]. The obtained IR spectra is analyzed between 

% Absorption or % Transmission versus wavenumber (400 cm-1 to 4000 cm-1). The 

wavenumber is directly proportional to the energy of the IR radiation. All the molecules 

are not IR active irrespective of that, the molecules that have permanent dipole moment 

show FTIR spectra [43]. The basic IR spectrometer reads the samples in a complex, wave-

like signal (called Interferogram) containing all the frequencies of vibration of the bonds 

[187]. The interferogram is a time-domain spectrum that changes into a frequency domain 

spectrum by a well-known Fourier transform operation. FTIR is a non-destructive 

technique that can use for any type of sample for example solids, liquids, gases, fibers, 

powders. The working of the FTIR is more advanced as it is associated with attenuated 

total reflectance (ATS) accessory equipped with ZnSe ATR crystal. FTIR spectroscopy 

is an extensively useful technique in many areas of research and industries. 

2.2.3 Field Emission Scanning Electron Microscopy (FESEM)/ Energy-dispersive 

X-ray Spectroscopy (EDS) 

FESEM is an imaging technique used for the topographical analysis of the materials. 

FESEM uses the highly energetic electron beam to scan the surface of the specimen. A 

high accelerating voltage (0.1-30 kV) is applied at the cathode to generate an energetic 

electron beam [189]. The most important feature of FESEM images of their 3D 
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appearance because of its large depth of field [190]. In addition, the FESEM technique 

enables to provide a chemical composition and elemental analysis of the specimen when 

equipped with EDX (or EDS) [191]. A FESEM typically consists of a field emission 

electron gun, a series of electromagnetic lenses, condenser lenses, and one objective lens, 

various kinds of detectors, and a computer system [189]. The FESEM is useful to capture 

a highly magnified image of 1X to 500,000X and this magnification is the ratio of the 

linear size of the display to the linear size of the specimen scanned [190]. The image 

quality of the specimen is also associated with beam brightness which depends on the 

type of electron gun used [192]. The field emission gun has maximum brightness as 

compared to the tungsten thermionic gun (1000X) and LaB6 thermionic gun (100X) 

[192]. When the high energetic electron beam strike over the sample’s surface, it 

generates back-scattered electrons (BSEs) and scattered electrons (SEs) depends on the 

type of interaction: elastic scattering and inelastic scattering respectively [192]. Both SEs 

and BSEs are equally important for achieving topographical contrast and elemental 

composition contrast respectively [192]. When FESEM uses to scan a non-conductive 

sample then commonly the charging effect arising. In general, this is because of the 

gathering of static electric charges on the specimen surface. This results in many problems 

like blur image or swing of the sample. To overcome this problem, samples likely to be 

coated with gold coating. However, conductive samples are easily interpreted without 

prior gold coating.  

2.2.4 UV-Visible spectroscopy 

UV-Vis spectroscopy is the most popular and versatile analytical technique. This 

technique typically depends on the absorption of UV-Vis light by most of the molecules 

[193]. This technique works on the principle of Beer-Lambert law as given in Equation 

(2-2) [194]. 
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𝑨 = 𝐥𝐨𝐠
𝑰𝟎

𝑰
=  𝜺𝒄𝒍 (2-2) 

Where A (λ) is absorbance, I0 and I are the intensity of the light incident upon sample cell 

and light leaving sample cell respectively, c (M = mol dm-3) is the solute’s molar 

concentration, l is called the length of the sample cell in cm and ε (M-1cm-1) is known as 

molar absorptivity. As the name suggested, this technique scans the sample from the ultra-

violet (UV) region (200 nm-400 nm) to the visible region (400 nm-700 nm). Generally, 

samples absorb this light energy and result in the UV-Vis spectrum. After absorbing 

energy by the molecules, the electrons promote from occupied orbitals of lower energy 

state (HOMO) to unoccupied orbitals of higher energy states (LUMO) [35]. The 

occupied orbitals are composed of σ orbitals, π orbitals, and nonbonding (n) orbitals while 

the unoccupied orbitals are composed of antibonding orbitals (π* and σ*) [35]. All 

transitions are not allowed between the orbitals but these are restricted by some selection 

rules. The allowed transitions must follow the conservation of the spin quantum number 

of electrons, if not, then the transition is called ‘forbidden transition’ [35]. The UV-Vis 

spectrum generally records as a plot of absorbance (A) (or Transmittance (T)) versus 

wavelength (λ). The wavelength that corresponds to the highest absorption is referred to 

as the λmax and this is a characteristic value of the specimen [35,193]. UV-Vis 

spectroscopy is crucial in the study of photocatalysis and adsorption because the kinetics 

of the reactions interprets by monitoring the concentration of the molecules. 

2.2.5 Photoluminescence (PL) spectroscopy 

The PL spectroscopy is a non-destructive and highly sensitive method to examine the 

electronic properties of the materials, especially in an excited state [35]. PL spectroscopy 

is a complementary technique to UV-Vis spectroscopy as it also provides electronic 

structural information from light excitation. The photoluminescence spectra obtain during 

the transition of the electrons from the excited state to the ground state [43]. During this 
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transition, the electrons emit extra energy that absorbed while jumping to an excited state 

from the ground state. This extra energy is used to plot PL spectra. Figure 2.3 depicts the 

basics of PL spectroscopy along with other phenomena [35]. PL is extensively used in 

the field of photocatalysis to study the rate of recombination of charge carriers indicating 

their lifetime. The intensity of PL spectra is proportional to the rate of recombination of 

the charge carriers. The fluorescence spectra obtain when the e- from the CB recombine 

with the h+ in VB. Therefore, PL spectroscopy provides valuable information on the 

electron transfer kinetic in photocatalysis. PL is extensively useful for the determination 

of light-emitting materials, optical bandgap energy, detection of defects and impurity 

level, and study of recombination of charge carriers [43]. 

 

 

Figure 2.3. Jablonski diagram to define photoluminescence. 
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2.2.6 X-ray photoelectron spectroscopy (XPS)/ Auger electron spectroscopy (AES) 

XPS and AES are the surfaces sensitive analytic techniques. XPS provides valuable 

quantitative and chemical state information of the sample under study [195]. XPS works 

on the phenomena of the ‘photoelectric effect’ in which the photoelectrons are emitted 

from the surface after absorbing incident radiation of suitable frequency [195]. Mg Kα 

(1253.6 eV) and Al Kα (1486.6 eV) cathodes are the two major sources for producing X-

rays in XPS technique used for the analysis [43]. The XPS requires the ultra-high vacuum 

condition (UHV, pressure range: 10-8 to 10-10 mbar). The XPS is extensively used in the 

study of elemental compositional analysis of the sample. The obtained XPS data is 

compared with the standard database of the materials. The XPS directly calculates the 

kinetic energy of ejected photoelectron from the surface of the specimen by the X-ray 

radiation of constant energy hν. The kinetic energy of photoelectrons and X-ray radiation 

are connected by the following Equation (2-3) [43]. 

𝑬𝑲 = 𝒉𝝂 − 𝑬𝑩𝑬 − 𝝓 (2-3) 

Where EK is the K.E of the ejected photoelectrons, EBE is known as the B.E of the electron 

in an orbital, h represents Plank’s constant, ν is for the frequency of the incident radiation 

and ϕ is known as the work function of the surface of materials. Typically, XPS spectra 

are plotted between counts/s (Intensity) versus binding energy. The photoelectrons are 

ejected from shells and subshells of different binding energy. The binding energy is used 

to identify an element as the binding energy of an atomic electron is a characteristic value 

for that element. The schematic representation of XPS and AES is given in Figure 2.4 

[43].  

In the AES technique, the highly energetic X-ray strikes on the inner shell’s electron (K 

shell) and knock out them [196]. The atom gets ionized and attained an excited state. This 

atom rapidly returns to its normal states by refilling the space by another shell’s electron 
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(for example L shell) [196]. Concurrently, this leads to the emission of an X-ray photon 

which imparts energy to the outer shell electron causes emission of Auger electron. The 

kinetic energy of an Auger electron is represented by the following Equation (2-4) [35]. 

Where EKL1L2,3 represents B.E of the Auger electron. EBK is called B.E of the K shell 

electrons. Meanwhile, EBL1 and EBL2,3 represent the binding energy of the L1 and L2,3 

subshells respectively. 

 

𝐄𝐊𝐋𝟏𝐋𝟐,𝟑
≈ 𝐄𝐁𝐊 − 𝐄𝐁𝐋𝟏

− 𝐄𝐁𝐋𝟐,𝟑
 (2-4) 

 

 

Figure 2.4. Mechanism of photoelectron and Auger electron emission in XPS 

technique. 

 

2.2.7 Dynamic light scattering (DLS) 

 DLS is a valuable technique to find out the average size and size distribution of 

the nanoparticles in a colloidal system [197]. The surface charge of the nanoparticle so-

called ‘Zeta potential’ is also measurable by this technique. DLS works on the principle 
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of ‘Brownian motion’ of the particles in colloids [195,197]. The solutes are in random 

motion in all directions and the motion depends on the size of the solute’s particles 

[197,198]. The small particles move faster than the bigger particles. The monochromatic 

light beam shining on the solution containing these particles executing Brownian motion 

causes scattering of the light thereby the light intensity changes. The intensity of scattered 

light depends on the particle’s velocity. The particles collide with each other during their 

random motion and transfer energy. This energy influences the motion of the particles. 

The hydrodynamic diameter of the particles can measure by using the Stokes-Einstein 

relation in Equation (2-5) [199]. 

𝑫 =
𝑲𝜷𝑻

𝟔𝝅𝜼𝑹𝑯
 (2-5) 

Where D represents the translational diffusion constant, kB is known as Boltzmann 

constant, T is the temperature. The viscosity of the solution represents by η, and RH shows 

the hydrodynamic radius of the particle. The basic instrument of DLS is composed of 

monochromatic laser light, sample cell, and detectors [197]. The samples are illuminated 

in the monochromatic light and the light gets scattered by the particles present in the 

sample. The scattered light detects by the detectors at certain angles with time. The 

captured signals use to analyze the size of the particles. The surface charge of the particles 

(zeta potential) is also determined by this technique [195,200]. 

2.2.8 Thermogravimetric analysis (TGA) 

TGA is an important analytic technique used for the monitoring of change in mass of the 

sample in respect of the temperature at different times [201]. The Thermogravimetric 

Analyser or Thermobalance performs the TGA analysis. TGA uses a range of heat so that 

the thermal reaction can start and materials undergo physical changes, chemical changes, 

and thermal transitions. The thermal reaction in the TGA associates with the thermal 
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degradation of the materials thereby changes the materials’ mass. The change in mass 

occurs due to decomposition, dehydration, and oxidation of the samples with temperature 

and time [202]. The TGA records the data at the uniform heating rate in a specific 

environment (air, N2, CO2, He, Ar, etc.) and the recoded data plots between the % mass 

(weight) loss or its derivatives versus temperature. This plot is known as the 

‘thermogravimetric curve’ or ‘thermogram’. The TGA provides information about the 

sample’s thermal stability, the composition including volatiles such as water and solvents, 

thermal transitions of the materials, and inert additives or fillers [202]. In this technique, 

the mass loss is due to chemical reactions such as combustion whereas the physical 

changes such as melting do not contribute to the loss of mass [202,203]. Both mass gain 

and mass loss can be achieved by the TGA. The mass loss is due to the decomposition, 

reduction, evaporation, and desorption whereas the mass gain can be achieved due to 

adsorption, absorption, or oxidation of the materials in the specific environment [202]. 

2.2.9 Raman spectroscopy analysis 

Raman spectroscopy is an analytical technique based on the inelastic scattering 

process [204,205]. Raman spectroscopy uses the scattered light from the sample to 

measure the vibrational energy mode in a sample. Raman spectroscopy is indeed useful 

to obtain the chemical and structural information of the sample as well as provides the 

identification of the samples through their characteristic Raman ‘fingerprints’ [206]. The 

Raman fingerprints obtain through the detection of the Raman scattering from the sample. 

The Raman spectroscopy technique detects the vibrational modes of the molecules which 

involve a change in polarizability [205,206]. In this technique, the sample is excited by 

the monochromatic light source by different lasers. Raman spectroscopy uses lasers of 

different wavelengths ranging from UV-Vis to near IR including visible light [205]. The 

laser of the following wavelengths is used in the Raman spectroscopy; UV: 244 nm, 257 
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nm, 325 nm, 364 nm, Visible: 457 nm, 473 nm, 488 nm, 514 nm, 532 nm, 633 nm, 660 

nm [205]. Raman technique detects scattered light from the samples versus the 

wavenumber shift. The scattered light is almost (~90%) having the same wavelength as 

the excitation source (Rayleigh or elastic scattering) [206]. However, scattered light of 

different wavelength detects in a very small fraction (~5-10%) other than the excitation 

light. This shift in the wavelength (wavenumber or frequency or energy) is called the 

Raman shift [205,206]. Raman shift is ascribed to the interaction between incident 

electromagnetic waves and vibrational energy levels in the molecules [43,205]. The 

Raman spectra of sample plots between the intensity of the Raman shift and frequency. 

2.3 Materials and technical specifications of characterizing 

instruments 

2.3.1 Materials 

All the chemicals were of analytical grade and used without further purification. The zinc 

acetate dihydrate (Zn(CH3COOH)2.2H2O: M.W = 219.50) was purchased from CDH 

Private Limited India. The tetrabutyl orthotitanate (Ti(OC4H9)4: M.W = 340.32) was 

obtained from SRL Private Limited India. The acetic acid (CH3COOH: M.W = 340.32) 

was obtained from HPLS Private Limited India. The cetyltrimethylammonium bromide 

(CTAB) (C19H42BrN: M.W = 364.45) and sulphuric acid (H2SO4: M.W = 98.07) were 

purchased from S D Fine Chem Limited India. The aniline (C6H5NH2: M.W = 93.13) and 

potassium dichromate (K2Cr2O7: M.W = 294.19) were obtained from the RFCL Private 

Limited and Merck Specialties Private Limited India. The bismuth nitrate pentahydrate 

(Bi (NO3)3.5H2O) and ferric nitrate nonahydrate (Fe (NO3)3.9H2O) were purchased from 

SRL Private Limited and RFCL Private Limited, India. Dimethyl sulfoxide and N, N-

dimethyl formamide was purchased from Merck Specialties Private Limited, India. 

Tetrahydrofuran was purchased from Finar India.  
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2.3.2 Characterizing materials 

Powder X-ray diffraction (XRD) data were collected from the prepared powder samples 

using a PANalytical X′pertpro MPD diffractometer with monochromatic Cu Kα radiation 

(λ=1.54 Å). The UV–Visible diffuse reflectance spectra were recorded in the range of 

200 nm to 800 nm on an Agilent Cary 5000 UV–Vis–NIR spectrophotometer. Field 

Emission Scanning Electron Microscopy (FESEM) images of the calcined powder 

samples were taken by using a ZEISS/NOVA NANOSEM 450. The chemical 

composition was confirmed by elemental analysis on a ZEISS/NOVA NANOSEM 450 

electron microscope equipped with an EDS analyzer. The thin gold coating was sputtered 

onto the samples to prevent charging prior to the analysis. The concentration of the phenol 

was evaluated during photocatalytic experiments by UV-Vis spectrophotometer (LAB 

INDIA Spectrometer). The Perkin Elmer Spectrum FT-IR spectrometer was used to 

record the FT-IR spectra of the samples as either solid or thin-film using with “attenuated 

total reflectance” (ATR) mode. The PIKE MIRacle single reflection horizontal ATR 

accessory equipped with a ZnSe ATR crystal was used for recording the FT-IR spectra. 

For Photoluminescence (PL), all the calcined powder samples were dispersed in DI-water 

and sonicated it for 15 min at room temperature, then the residue was collected for 

investigation. Steady-state PL spectra were recorded on a Varian Cary Eclipse 

fluorescence spectrophotometer with a Peltier temperature controller. The PL data was 

obtained by using excitation wavelength at 260 nm at room temperature. All the Raman 

spectra were recorded using an alpha 300 RA equipped with a diode laser for 532 nm 

excitation. The BET surface area analysis was performed by Micromeritics Flex 3 BET 

analyzer. The particle size calculation and zeta potential of the particles were examined 

by Zetasizer (model: Zetasizer Nano ZS) of Malvern Panalytical. The XPS measurements 

were performed on a PHI 5000 Versa Prob spectrometer with Al Kα X-ray anode. The 
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binding energy correction was performed by using the C 1s peak of carbon at 284.6 eV 

as a reference peak. The electrospinning setup supplied by E-Spin Nanotech, India, 

consists of a spinneret, pump system, a high positive voltage power supply, and a 

grounded rotating drum collector, all arranged in a horizontal geometry. All the calcined 

powders samples have been used for the characterization in powder form. 
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3 Chapter 3: Comparing the photocatalytic property of zinc 

titanate nanorods and nanoparticles. 

3.1 Abstract 

Aiming of the present work is to synthesized efficient photocatalyst that can harvest 

visible light for photocatalytic degradation of pollutants. Metal oxides photocatalyst of 

different geometry and shapes have proven their enhanced photocatalytic activity towards 

pollutant degradation in the presence of visible light. In this order, the current research 

has pursued the formation of electrospun zinc titanate nanorods and their application in 

the visible light photocatalytic degradation of the phenol. The degradation rate constant 

(k) has been compared with their counterparts of bulk zinc titanate nanoparticles prepared 

by the sol-gel method. The comparison has proven that the degradation rate constant (k) 

has been increased to 0.01065 min-1 in the presence of zinc titanate nanorods than by bulk 

zinc titanate (0.00330 min-1). A series of experiments have been performed to characterize 

the materials and to reach a conclusion of enhanced photocatalytic activity of electrospun 

zinc titanate nanorods. The XRD and FESEM data have suggested the nanocrystalline 

nature of electrospun zinc titanate nanorods. The nanocrystalline nature of the electrospun 

zinc titanate nanorods induces quantum effect. The XPS, DRS, and PL suggest the surface 

states onto zinc titanate nanorods. They may lead to the capturing of excited electrons 

thereby decreasing the recombination rate of photo-generated charge carriers signifying 

enhanced photocatalytic activity.  

Keywords: Electrospinning, zinc titanate nanorods, visible light photocatalysis, phenol 

degradation, quantum size effect. 
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3.2 Introduction 

Electrospinning is an extensively used technique to fabricates the materials of various 

geometry, morphologies, and shapes [207]. The ceramic, polymers, gels, etc can be 

fabricated from the starting materials and electrospun materials show exceptional 

properties as compared to their bulk counterparts. Several varieties of materials of 

different morphologies and dimensionalities such as zero-dimensional (0D), one 

dimension (1D), two dimensional (2D), and three dimensional (3D) have been prepared 

by the electrospinning route [117]. Various nanostructures such as nanofibers, nanorods, 

nanoribbons, nanotubes, and nanoparticles, can be produced by this unique technique 

[71,160–162]. The properties and applications of various structured electrospun materials 

are broadly discovered in photocatalysis of pollutants [132], adsorption, drug delivery 

[208], membrane technology [209], air filtration, electronics [210], sensors [211], 

biomedical [212], etc. The sol-electrospinning is succeeded one step ahead then the 

electrospinning technique in order to get a nanofibrous structure of ceramic metal oxides. 

Sol-electrospinning technique is a combination of the sol-gel process and electrospinning 

process to prepare nanostructured materials of high surface area and high porosity [213]. 

In the sol-electrospinning process, the precursor of the metal oxides is blended with a 

suitable polymer before electrospinning [120]. The addition of polymer into the precursor 

provides necessary viscosity to the solution to make it spinnable [158].  

 Nowadays extremely uses of fossil fuels, textiles, paper, pesticides, etc. causes 

environmental pollutions such as water pollution and air pollution [214]. The increasing 

pollution level is a matter of public concern. Photocatalysis is considered one of the 

environmental remediations for the complete degradation of toxic contaminants present 

in water pollution and identified as an emerging technology for wastewater treatment 
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[215]. TiO2 and ZnO both are considered a promising candidate as photocatalyst because 

of their exciting properties such as inexpensive, nontoxic, environmentally friendly, 

higher quantum efficiency, and high efficiency of contaminant degradation under UV-

Vis light [46,143]. Having good properties still both TiO2 and ZnO are limited in their 

use as photocatalyst because of the following shortcomings [46,47]. TiO2 and ZnO are 

wideband gap semiconductors of bandgap energy larger than 3 eV, therefore these are 

insufficient to harvest visible light for photocatalysis which limited their use to UV light 

only. Massive recombination of the photogenerated electrons and holes is also leading to 

the lower photocatalytic activity. Therefore, it is crucial to overcome these shortcomings 

of both semiconductors. This has been achieved by preparing mixed metal oxides of Zn 

and Ti such as zinc titanate (ZnTiO3). 

 Alloying of the ZnO and TiO2 advantage over their neat form separately in terms 

of their structural disadvantage and bandgap energy [216]. ZnTiO3 has been considered 

as an emerging material for a variety of applications such as visible light photocatalysis 

[71], gas sensors [69], lubricants [76], luminescent materials [78], microwave dielectric 

[79], photochemical water splitting [217], etc. In the previous study, we prepared the bulk 

ZnTiO3 and electrospun ZnTiO3 [71]. The bulk ZnTiO3 was prepared by the sol-gel 

method while electrospun ZnTiO3 was prepared by the sol-electrospinning method. We 

investigated the bandgap energy of the bulk ZnTiO3 and electrospun ZnTiO3 was 2.90 eV 

and 2.80 eV respectively. The obtained bandgap energy was at the onset of visible light 

which is much better than the bandgap energy of ZnO and TiO2. Due to lower bandgap 

energy, we showed the improved visible-light photocatalytic degradation of phenol. 

Polyvinyl alcohol (PVA) was used as a guiding polymer for the electrospinning of the 

ZnTiO3 sol. The as-spun ZnTiO3 sample showed nanofibrous structure meanwhile after 
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calcination nanofibrous structure could not retain and nanoparticles of electrospun 

ZnTiO3 were obtained. 

 In the present study, ZnTiO3 has been fabricated by the sol-electrospinning 

technique. The polyvinylpyrrolidone (PVP) has been used as the guiding polymer to assist 

in the fabrication during electrospinning by providing the required viscosity to the 

electrospinnable solution. We discovered that the as-spun ZnTiO3 mat shows the 

nanofibrous structure. Meanwhile, after calcination, the nanofibers structures transform 

into ZnTiO3 nanorods. The ZnTiO3 nanorods have been focused in this study and their 

visible-light photocatalytic study towards phenol degradation has been evaluated. The 

present study of ZnTiO3 nanorods has been compared with the previously reported bulk 

ZnTiO3 nanoparticles.  

3.3 Experimental section 

3.3.1 Synthesis of bulk zinc titanate (BZT) 

 BZT was prepared by the aqueous sol-gel route as represented in Figure 4.1. The 

titanium tetrabutyl orthotitante (3.40 mL) was mixed with acetic acid (6.66 mL) under 

mild stirring for 30 minutes at room temperature (RT). A viscous, homogeneous, and 

white-colored solution was obtained. Thereafter, zinc acetate dihydrate (2.25 g) was 

added to the above solution while maintaining experimental conditions. The above 

mixture was further added with 10 mL DI-water resulting in a transparent and 

homogeneous solution. Now the temperature of the reaction increased to 50 ℃ and 

continue stirring for one hour. After one hour the temperature of the reaction and stirring 

was interrupted and obtained sol of zinc titanate was cooled to RT. Then, the above sol 

of zinc titanate was kept for several hours for gelation within the sol at RT. After that, the 

resultant was kept for sintering at 800 ℃ for 8 hours in an air furnace. The resultant 
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materials were crushed in a mortar pestle to make it fine powder called bulk zinc titanate 

(BZT).  

3.3.2  Synthesis of electrospun zinc titanate (EZT) 

 The EZT was prepared by the sol-electrospinning method. The sol-

electrospinning method is a combination of two consecutive processes (a) preparation of 

sol and (b) its electrospinning. Zinc titanate sol was prepared by the above method for 

BZT and succeeded by electrospinning.  

 

Figure 3.1. Schematic representation of synthesis process of electrospun zinc titanate 

(EZT). 

The guiding polymer for electrospinning was prepared by the mixing of 

polyvinylpyrrolidone (PVP) and ethanol in a ratio of 1:4 at RT for one hour. The viscous 

polymeric solution was obtained and used in the synthesis process of sol of zinc titanate 

as follows. The 10 mL polymeric solution was used in the solution of tetrabutyl 

orthotitanate and acetic acid as defined in the above section at 50 ℃ under continuous 
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stirring for 2 hours for proper mixing. Then 2.25 g of zinc acetate dihydrate was added 

and the reaction was continued for the next 5 hours in order to get well mixing. The 

obtained sol was viscous and white-colored appeared. The precursor polymeric solution 

of zinc titanate was loaded into a 10 mL plastic syringe. The positive voltage of 12 kV 

was applied to the metallic needle of the syringe considering it as a positive electrode. 

The distance between the tip of the needle and the collector was fixed at 10 cm. A 

sufficient amount of polymeric zinc titanate sol was fabricated onto aluminum foil so that 

a thick electrospun mat can be peeled out. This electrospun mat was calcined at 900 ℃ 

for 8 hours in an air furnace. The resultant was crushed to get white fine power named 

electrospun zinc titanate (EZT). The synthesis process is best described in Figure 3.1. 

3.3.3 Laboratory set-up for measuring the photocatalytic activity of ZnTiO3 

nanorods 

The photocatalytic reaction was conducted in a lab-made setup as represented in Figure 

3.2. A double-walled glass chamber (made by borosilicate glass) was taken which 

connected with the chiller instrument. The chiller was used to maintain the temperature 

by circulating the normal water in the glass chamber during the photocatalytic process. 

An incandescent bulb of 100 watts was utilized as a visible light source. The distance 

between the glass chamber and the incandescent bulb was fixed at 15 cm. Phenol was 

chosen as the targeted pollutant. An aqueous solution of 100 µM phenol concentration 

was prepared and used for studying the photocatalytic activity of ZnTiO3 

nanorods/nanoparticles under visible light. 100 mg of prepared ZnTiO3 

nanorods/nanoparticles was taken as the photocatalyst. The aqueous solution of phenol 

was under continuous stirring in the presence of photocatalyst while exposing visible light 

to examine photocatalytic activity. Each time 2 mL of solution was taken out from the 

glass chamber. This solution was centrifuged so that photocatalyst gets settled. 
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Thereafter, the supernatant was taken and examined by UV-Vis spectroscopy. The UV-

Vis spectroscopy recorded two peaks of phenol at 210 nm and 270 nm corresponding to 

the -* and n-* transitions respectively. Both the peaks were monitored during 

photocatalysis and their absorption intensity was recorded. The concentration of the 

remnant phenol in the solution after 30 min was recorded and plotted against the 

wavelength. The photocatalytic activity was found by using the first-order kinetic 

equation. 

 

Figure 3.2. Laboratory set-up for photocatalytic degradation of contaminants. 

3.4 Results and discussion 

3.4.1 Field emission scanning electron microscopy (FESEM) 

 The surface morphology of BZT and EZT is depicted in Figure 3.3. All the 

micrographs have been captured at a magnification of nearly 7 kX. Figure 3.3a represents 

the micrograph of BZT suggesting the size of the nanoparticles in the range of 100 nm to 

200 nm. It can be also noticed that the nanoparticles are highly aggregated and forming 

flake-like structure. The flake-like structures are visible in presenting the micrograph in 

Figure 3.3a. Figure 3.3b represents the surface morphology of the as-spun mat of ZnTiO3. 

The porosity in the as-spun mat of ZnTiO3 can be seen in Figure 3.3b. Figure reveals the 
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nanofibers of as-spun ZnTiO3 are very smooth and their diameter can be calculated from 

100 nm to 500 nm, meanwhile the length of nanofibers is several µm. The diameter of 

few nanofibers is nearly 1 µm as can be seen in as-spun ZnTiO3 and the nanofibers are 

randomly oriented in the electrospun mats. The smoothness of the nanofibers is due to 

the presence of organics in the ZnTiO3 sol. The as-spun mat of ZnTiO3 calcined at 900 

℃ and the FESEM images is shown in Figure 3.3c. The well-formed nanorods are 

obtained after the calcination of the nanofibrous mat of ZnTiO3. The length of nanorods 

is around 300 nm to 2 µm while the diameter of the nanorods can be measured in the 

range of 100 nm to 500 nm. The formation of nanorods from nanofibers can be attributed 

to the burning of the organics presents over the surface of ZnTiO3 nanofibres [218].  

 

Figure 3.3. The surface morphology represents (a) the nanoparticles of BZT, (b) as-

spun EZT, (c) EZT nanorods, and (d) EZT nanofibers. 

Moreover, we have also determined the morphology of the ZnTiO3 nanofibres at a lower 

temperature of 700 ℃ in Figure 3.3d. Figure 3.3d represents the formation of the 
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nanofibers. The nanofibers are continuous similar to as-spun nanofibers but roughness is 

observed over the surface of ZnTiO3 nanofibers. The roughness can be attributed to the 

evaporation of the present organics of PVP under the calcination of the nanofibers mat. 

We can also notice that the nanofibers are made up of the aggregation of the small 

particles of ZnTiO3 in Figure 3.3d. Therefore, Figures conclude that the aspect ratio of 

EZT nanorods has been changed to a great extent as compare to BZT nanoparticles. The 

change in the aspect ratio plays a vital role in generating surface defects in the crystal and 

thereby improving the photocatalytic performance of the materials [219]. 

3.4.2  X-ray diffraction (XRD) 

 The XRD patterns of BZT and EZT are shown in Figure 3.4. The XRD pattern of 

BZT consists of several peaks indicating majorly ZnTiO3. However, some residual 

impurities are also found as Zn2TiO4 and rutile TiO2. BZT diffraction peaks can be 

indexed to (101), (012), (104), (110), (113), (021), (202), (024), (116), (018), (214), (300), 

and (208) for hexagonal structure of zinc titanate from JCPDS card number 00-025-0671. 

Meanwhile, the XRD peaks at (110), (101), (210), and (211) can be assigned to the rutile 

TiO2 as well-matched with JCPDS card number 01-086-0147. The XRD peak indexed to 

(220) can be attributed to the cubic Zn2TiO4 as confirmed from JCPDS card number 01-

073-0578. Indexing of XRD peaks of EZT is similar to BZT signifying the hexagonal 

crystal structure of ZnTiO3 though few changes have been noticed in the XRD pattern of 

EZT. The suppressed intensity of XRD peaks in EZT indicates the formation of small 

crystallites as compare to BZT. XRD represents the FWHM of the EZT nanorods (for 

most intense peak 0.1997º) is higher than the FWHM of BZT nanoparticles (for most 

intense peak 0.1464º) signifying the lower crystallinity and small crystallites of the EZT 

nanorods. Secondly, the peak indexed to (220) of Zn2TiO4 has been omitted in EZT 

revealing the decrease in impurities. However, XRD results of EZT suggest the 
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improvement of the rutile TiO2 as impurities. The crystallite size (d) of ZnTiO3 in BZT 

and EZT can be calculated by the Debye-Scherrer Equation (3-1) by choosing the most 

intense peak at 32.78º [180]. 

𝒅 =
𝒌𝝀

𝜷 𝐜𝐨𝐬 𝜽
 (3-1) 

Where the shape constant is represented by k, the wavelength of X-ray is denoted by λ, 

FWHM of the most intense peak is given by β, and θ denotes half of diffraction angle 2θ. 

The crystallite size of BZT and EZT is calculated at 56.52 nm and 41.44 nm respectively. 

The crystallite size of EZT is comparatively lowered than BZT. This can be attributed to 

the effect of electrospinning of ZnTiO3 sol. The electrospinning of the ZnTiO3 sol with 

PVP as guiding polymer led to the stretching of the ZnTiO3 sol in the vicinity of the high 

applied voltage. This led to the fabrication of nanofibers of the nano-sized range which 

on calcination produced crystallites of smaller diameter.  
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Figure 3.4. XRD patterns of (a) BZT nanoparticles and (b) EZT nanorods. 

3.4.3 Raman spectroscopy 

The chemical and structural analysis of BZT and EZT has been performed by Raman 

spectroscopy. The comparative analysis of Raman peaks of BZT and EZT is given in 

Figure 3.5. The Raman peaks are noticed at 143 cm-1, 178 cm-1, 232 cm-1, 266 cm-1, 344 

cm-1, 392 cm-1, 444 cm-1, 481 cm-1, 611 cm-1, and 709 cm-1 for BZT and EZT. The Raman 

peaks noticed at 178 cm-1 [Ag], 232 cm-1 [Eg], 266 cm-1 [Ag], 344 cm-1 [Ag], 444 cm-1 

[F1U], 611 cm-1 [Eg], and 709 cm-1 [Ag] are assigned for hexagonal phase of ZnTiO3 

[82,220,221]. The remaining peaks can be assigned to the rutile TiO2 and Zn2TiO4 present 

as impurities in the BZT and EZT. The Raman peaks of rutile TiO2 can be found at 143 

cm-1 [Eg] and 392 cm-1 [B1g] in BZT and EZT samples respectively which are in good 

agreement with XRD data [222].  
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Figure 3.5. Raman analysis of BZT nanoparticles and EZT nanorods. 

Meanwhile, a small hump at 481 cm-1 [Eg] is noticed in the BZT sample, attributing to 

the trace of Zn2TiO4 as an impurity [223]. Raman peak corresponds to Zn2TiO4 has been 

omitted in the EZT sample indicating no trace of Zn2TiO4. This can be also confirmed 

from the XRD data where the peak at 29.86° corresponding to Zn2TiO4 excluded. By 

careful examination of the Raman spectra, we have noticed a blueshift of 2.33 cm-1 in the 

peak at 444 cm-1 of EZT as compare to BZT. Besides, the FWHM of the same peak of 

EZT is also decreased by 1 cm-1 approximately. Researchers reported that the shift in the 

peak position and change in FWHM values represent the non-stochiometry due to oxygen 

vacancy defects in several metal oxides and their composites [224,225]. Therefore, the 

observed blueshift and increase in FWHM signify the change in stoichiometry due to the 

presence of crystalline defects such as oxygen vacancies in the electrospun ZnTiO3 

nanorods  
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3.4.4 Fourier Transform Infrared Spectroscopy (FTIR) 

 The chemical structure of the BZT and EZT has been analyzed by the FTIR 

spectra as represented inFigure 3.6. The FTIR bands in the range of 400 cm-1 to 700 cm-

1 are ascribed to the characteristic peaks of the metal-oxygen linkage in the metal oxides 

compounds [226,227]. The FTIR peak at 447 cm-1 and 608 cm-1 are the characteristic 

bands of ZnO and TiO2 attributing to the vibrations of Zn-O and Ti-O bonds [227]. The 

FTIR bands appear at 686 cm-1 and 561 cm-1 are assigned for stretching vibration of the 

Ti-O bond in the TiO6 network that exists in ZnTiO3 and Zn2TiO4 [228]. It is clear from 

Figure that BZT and EZT have a weak band in the range of 3400 cm-1 to 3700 cm-1 which 

can be ascribed for the presence of free -OH groups over the surface [229]. The three 

bands at 2982 cm-1, 2920 cm-1, and 2847 cm-1 are noticed in BZT indicating the stretching 

vibration of residual C-H from the organic compounds [229]. These FTIR bands have 

also appeared in EZT with very weak signal intensities signifying the little amount of 

residual C-H.  A single band at 2338 cm-1 in EZT can be assigned to the trace of C=O 

comes from PVP because PVP has been used for electrospinning the sample. Several 

FTIR bands are noticeable in the range of 1800 cm-1 to 1000 cm-1 in BZT and EZT. The 

bands at 1744 cm-1, 1573 cm-1, and 1427 cm-1 can be assigned to the surface adsorbed 

carbonyl (C=O and C-O) compounds in BZT [230]. 
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Figure 3.6. Comparison of FTIR of BZT and EZT (a) From 4000 cm-1 to 700 cm-1, 

and (b) Enlarge image from 1000 cm-1 to 400 cm-1. 

These bands have also appeared in EZT excluding band at 1744 cm-1 but their intensity 

is comparatively lower than BZT suggesting a lesser amount of surface adsorbed carbonyl 

compounds. This may be due to the calcination of the electrospun mat in the air furnace 

exposing higher surface area to the temperature for a longer time. Results show the 

formation of ZnTiO3 with some impurities of organics even at a higher temperature of 

900 ℃. In order to complete the removal of organic entities from the ZnTiO3 sintering 

above 1000 ℃ is required. 

3.4.5  X-ray photoelectron spectroscopy (XPS) 

The chemical analysis of the BZT and EZT has been investigated by the XPS technique. 

Figure 3.7 depicts the overlay of binding energy (B.E) of zinc (Zn), titanium (Ti), and 

oxygen (O) of the BZT and EZT which are different in two morphologies.  
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Figure 3.7. XPS of (a) Zn2p, (b) Ti2p, and (c) O1s for EZT and BZT. 

Table 3.1 represents the binding energy of the elements in BZT and EZT along with their 

peak area%. The binding energy of the Zn, Ti, and O of EZT is significantly lower than 

BZT. Comparatively, the lower binding energy of the elements in the case of EZT 

nanorods can be attributed to the different morphologies. Gaashani et al. reported that the 

XPS binding energy of ZnO nanorods and nanoparticles are different owing to the 

different morphologies [231]. Zhou and Li also reported the same difference in XPS 

spectra for ZnO nanorods and nanoparticles [232]. The elemental analysis provides in-

depth information about the chemical nature of the materials.  
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Figure 3.8. XPS deconvoluted peaks of BZT components (a) Zn 2p, (b) Ti 2p, and 

(c) O 1s. 

Figure 3.8a and Figure 3.9a depict the Zn 2p orbital energy in BZT and EZT respectively. 

The two well-defined XPS peaks of Zn 2p can be seen at 1021.68 eV and 1044.18 eV in 

BZT attributing to 2p3/2 and 2p1/2 spin-orbit interaction [233]. The B.E difference in two 

peaks is 22.5 eV indicates the +2 oxidation state of Zn in BZT. Meanwhile, the same 

peaks have been shifted towards lower B.E in EZT as listed in Table 3.1. However, the 

B.E peak difference is found to increase at 23.1 eV. The high-resolution spectra of Ti 2p 

can be seen in Figure 3.8b and Figure 3.9b for BZT and EZT respectively. XPS peaks of 

Ti 2p can be deconvoluted into four peaks representing the presence of Ti+4 and Ti+3 

simultaneously [234]. However, Ti+3 is very less than Ti+4 as suggested by Table 3.1. The 

existence of Ti+3 signifies the presence of oxygen vacancies [224]. The XPS peak 

positions of Ti+4 and Ti+3 are found to be redshifted in EZT as compare to BZT. 
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Figure 3.9. XPS spectra of EZT components (a) Zn 2p, (b) Ti 2p, and (c) O 1s. 

It has been reported previously that the redshift of peak position is associated with the 

formation of oxygen vacancies [235]. Mosquera et al. reported that the redshift of the 

binding energy represents acceptor levels in the materials [236]. Therefore, on the behalf 

of the peak shifts in EZT, we can conclude that the oxygen vacancies are increased in 

EZT and these are situated at the acceptor levels in EZT. Further, the increment in the 

oxygen vacancies is identified by the change in peak area% as follows. We noticed the 

change in peak area% of the peaks attributing to Ti+4 and Ti+3. The change in peak area 

indicates the change in stoichiometry [237]. Therefore, the peak area analysis is important 

here because electrospinning is known to change the morphologies thereby the surface 

states and bulk states of the materials can be affected [71]. The peak area of Ti+3 is 

increased by 26.72% and that of Ti+4 decreases by 4.80% in EZT. The increase in Ti+3 

indicates the removal of oxygen from the lattice in the electrospun zinc titanate nanorods 
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[237]. On the other side, the decrease in the peak area of the Ti+4 infers the formation of 

oxygen vacancies onto the surface of EZT nanorods. 

Table 3.1. XPS binding energy of BZT components (a) Zn 2p, (b) Ti 2p, and (c) O 

1s; EZT components (a) Zn 2p, (b) Ti 2p, and (c) O 1s. 

 BZT EZT 

Elements Peak position Area% Peak position Area% 

 

Zn 2p 

1021.68 67.54 1020.98 68.70 

1044.18 32.45 1044.08 31.29 

 

 

Ti 2p 

457.97 57.32 457.79 54.00 

459.34 9.51 458.91 10.53 

462.30 4.15 462.20 6.78 

463.75 29.00 463.61 28.67 

 

O 1s 

529.38 75.33 529.19 74.11 

531.01 24.66 530.86 25.88 

 

The O 1s XPS spectrum of BZT and EZT is depicted in Figure 3.8c and Figure 3.9c 

respectively. The O 1s XPS peak can be deconvoluted into two peaks at 529.38 eV and 

531.01 eV attributing to the lattice oxygen and non-lattice oxygen (surface adsorbed –OH 

groups) for BZT [87]. While for the EZT, the lattice oxygen and surface adsorbed –OH 

groups can be identified at 529.19 eV and 530.86 eV respectively. Further, we determine 

the area% for the quantitative analysis of the non-lattice oxygen present in BZT and EZT. 

An increase in peak area% of non-lattice oxygen in EZT by 4.95% then the BZT is 

obtained. So, the increment in the area% of non-lattice oxygen in EZT greatly suggests 

the formation of the oxygen vacancies in the zinc titanate lattice. Previously, the 
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formation of oxygen vacancies is also reported by researchers [224]. This obtained result 

is quite similar to the result of the decreased peak area% of Ti+r by 4.80%. Hence, the 

fitted curve of the Ti+3 and O 1s of non-lattice oxygen suggests the enhancement of the 

oxygen vacancies in the EZT nanorods as compare to BZT nanoparticles. 

3.4.6  Diffuse reflectance spectroscopy (DRS) 

The optical properties of the BZT and EZT have been investigated by UV-Vis DRS 

spectroscopy. The absorption data has been collected from 200 nm to 800 nm as shown 

in Figure 3.10. Figure 3.10 suggests that the absorption cut-off edge of BZT and EZT is 

at 428 nm and 439 nm respectively. Absorption onset very closely corresponds to the 

energy 2.89 eV and 2.82 eV for both BZT and EZT. A comparatively small shift in the 

absorption onset of EZT towards higher wavelengths may attribute to the surface states 

present in the EZT. The bandgap of the BZT and EZT has been calculated by using the 

Kubelka-Munk method as given in Equation (3-2) [238,239]. 

𝑭(𝑹) =
(𝟏 − 𝑹)𝟐

𝟐𝑹
 (3-2) 

Where R represents the reflectance and F(R) is the Kubelka-Munk function. The bandgap 

energy (Eg) has been obtained from the extrapolation of the linear plot between 

[F(R)×hν]1/2 vs optical energy (hν) to the ordinate as depicted in Figure 3.11. We have 

assumed the indirect transition for calculating bandgap energy as depicted in Figure 3.11. 

The bandgap energy is calculated at 2.90 eV and 2.80 eV for BZT and EZT which is 

consistent with the absorption data. EZT bandgap energy is comparatively lower than the 

BZT may suggest a lower bandgap due to the availability of the surface states presenting 

in the EZT producing by electrospinning.  
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Figure 3.10. Absorption spectra of BZT and EZT. 

 

In the current research, we are reporting an appreciable reduction in the bandgap energy 

of ZnTiO3. The obtained bandgap energy (2.90 eV and 2.80 eV) of ZnTiO3 is minimum 

in our case. Previously, the same range of bandgap energy was also reported by us [71]. 

Several authors have reported the bandgap energy of ZnTiO3 higher than 3 eV as listed 

in Table 3.2. Obtained binding energies lie in the domain of visible light energy (3.20 eV 

to 1.80 eV) leading to the use of ZnTiO3 as a visible light photocatalyst in this study. 

Therefore, we could successfully harvest visible light for the visible light photocatalytic 

degradation of the phenol. 
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Table 3.2. The comparison of the bandgap energy of the ZnTiO3 with the bandgap 

energy in previously reported articles. 

Structure of 

ZnTiO3 

Method of preparation Bandgap energy 

(eV) 

Ref. 

Cubic ZnTiO3 Self-adjusting method 3.78 [240] 

Cubic ZnTiO3 Hydrothermal and reflux >3.18 [234] 

Hexagonal ZnTiO3 Sol-gel electrospinning 3.05 [241] 

Cubic ZnTiO3 Radiofrequency co-

sputtering 

3.70 [78] 

Perovskite ZnTiO3 Sol-gel 3.20 [242] 

Theoretical 

calculations 

Exchange-correlation 

Functionals 

3.8-4.1 [243] 

Hexagonal ZnTiO3 Sol-gel and sol-

electrospinning 

2.88 and 2.79 [71] 

Previous 

study 

Hexagonal ZnTiO3 Sol-gel and sol-

electrospinning 

2.90 and 2.80 Current study 

 

As stated earlier, the trivial lessening bandgap energy of EZT is due to surface states. 

From presenting XPS data and previously reported articles, the XPS peaks shift due to 

acceptor levels as well. So, we can conclude that the bandgap reduction is accomplished 

with the acceptor levels of surface states below the conduction band as represented in 

Figure 3.12. 
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Figure 3.11. (a) Kubeleka-Munk function gives a bandgap of EZT (2.80 eV) which 

is smaller than (b) bandgap of BZT (2.90 eV). 

 

 

Figure 3.12. Cartoon representing (a) bandgap of ideal semiconductor, (b) surface 

states in between BZT bandgap, and (c) increase surface states in between EZT 

bandgap. 

 

3.4.7  Photoluminescence spectroscopy 

All the samples were investigated by the PL technique at room temperature and the results 

have shown in Figure 3.13. The photoluminescence spectra is resultant from the 

recombination of the free charge carriers. The PL spectroscopy extensively uses for the 

study of the charge carrier trapping, migration, and transfer and the density of the 
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electron-hole pairs in the semiconductor [87,244]. All the samples were excited at 

wavelength 260 nm and the spectra were recorded from 270 nm to 530 nm. We have 

noticed three precise emission bands in the PL spectra of BZT and EZT with varying peak 

intensities, representing the different charge carriers' lifetime. The peak position for BZT 

and EZT is represented in Table 3.3 along with their change in peak position in terms of 

wavelength and emission energy. For the first two PL peaks, a redshift (in terms of 

wavelength) in the UV region meanwhile a blue shift in the visible region is noticed for 

EZT as compared with BZT. However, the shift in the third PL peak is trivial that can be 

neglect therefore it can be assumed at the same position for BZT and EZT. The PL spectra 

of EZT can be described as follow. The emission peak observed at 418.80 nm corresponds 

to the bandgap energy 2.96 eV assigned to the band to band transition (direct transition) 

from the conduction band to the valance band. Whereas, the latter band at 488.12 nm can 

not be assigned to the band to band transition because the energy corresponding to this 

band (2.54 eV) is less than the bandgap energy. Meanwhile, this signal can be an emission 

signal originating from an oxygen vacancy trapped electron and the presence of defects 

[245]. Hence, the PL data also suggests the existence of surface states. The surface states 

may be Ti3+ or oxygen vacancies [78]. The maximum of the broad peak appears at 363.27 

nm can be attributed to the emission from Zn2TiO4 in BZT [246]. Meanwhile, the PL 

peaks of TiO2 emerge in the same range (at 364 nm and 369 nm) as well [247]. The 

Zn2TiO4 and TiO2 are found as the impurities in ZnTiO3 as confirmed by XRD. So, the 

broadness of PL peak at 363.27 nm in BZT may be due to the overlapping of emission 

from TiO2 and Zn2TiO4 as both are present in BZT. Moreover, the PL peak at 367.33 nm 

in EZT is due to TiO2 only because the EZT contains TiO2, not Zn2TiO4 as suggested by 

XRD. On comparing the PL spectra for peaks I and II, we have noticed the redshift 

emission in the UV region while blueshift emission in the visible region for EZT nanorods 
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as compare to the BZT nanoparticles. Although the III PL peak is almost in the same 

position. The corresponding shift is given in Table 3.3 and is in the range of previously 

reported values [248]. Contrary to the present situation, Demberga et al. reported the 

redshift of the visible emission and blueshift of the UV emission attributing to the band 

bending and quantum confinement effect respectively for varying ZnO film thickness 

[248]. So the shift in PL spectra for peaks I and II in the current study can be also assigned 

to the bend bending and quantum confinement effect in the EZT.  

Table 3.3. Listing of PL peaks in terms of wavelength and emission energy for BZT 

and EZT. 

BZT EZT Change in peak’s position 

Wavelength 

(nm) 

Emission 

energy 

(eV) 

Wavelength 

(nm) 

Emission 

energy 

(eV) 

Change in 

wavelength 

(nm) 

Change in 

emission 

energy 

(eV) 

363.271 3.413 367.336 3.375 4.065 0.038 

421.155 2.944 418.809 2.960 2.346 0.016 

486.847 2.547 488.127 2.540 1.28 0.007 

The intensity of II and III PL peaks of EZT decreases as compare to BZT indicating the 

reduced recombination of electrons and holes. This may be due to electrons are trapped 

into existing surface states below the conduction band thereby recombination rate 

decreases and hence charge carriers are available for a longer time for the photocatalytic 

process [78]. The lower PL intensity of the EZT nanorods can also be defined as the EZT 

nanorods are closed packed structure of small nanoparticles as clearly visible from Figure 

3.3d. The dense packing of the nanoparticles in EZT nanorods leads to efficient charge 

separation through interfacial charge transfer into the nanorods and thereby decreasing 
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electron-hole recombination [249]. Furthermore, the I PL peak of EZT shows opposite 

behaviour than the other two peaks as compare to BZT. 

 

 

Figure 3.13. The PL spectroscopy suggests the lower electron-hole recombination in 

EZT as compare to BZT. 

3.5 Visible light photocatalytic activity 

The photocatalytic degradation of the pollutant in the presence of visible light is well 

established [35,250]. The semiconductor photocatalyst absorbs visible light upon 

exposing thereby creating electron-hole pairs. The electrons jump to the conduction band 

leaving holes in the valance band upon irradiation by visible light of suitable frequency. 

Further, the photogenerated electrons move to the surface of the photocatalyst without 

recombination. However, few of them also are recombined. The present electrons at the 

surface react with the oxygen (O2) in the aqueous media and produce superoxides ions 

(O2
‾•). Meanwhile, the holes available in the valance band react with hydroxide ions (-

OH) or water molecules to produce hydroxyl (•OH) radicals. The radicals are so energetic 



74 

 

that they are capable of degrading adsorbed species into lower molecular weight 

intermediates. These intermediates are finally broken into harmless environmentally 

friendly products such as water or carbohydrate. 

 

 

Figure 3.14. The photocatalytic degradation of phenol for its peak at (a) 210 nm (R2= 

0.997) and (b) 270 nm (R2= 0.996) by BZT and EZT as indicated.  

 

The kinetics of phenol degradation by BZT and EZT in the presence of visible light is 

investigated with the help of a first-order kinetic equation (3-3) [87,250]. 

𝐥𝐧
𝑪

𝑪𝟎
= −𝒌𝒕 (3-3) 

Where the concentration of phenol at the beginning and at time t is denoted by C0 and C 

respectively. The degradation rate constant is represented by k and time (t) is measured 

in minutes. The degradation data is plotted between ln(C/C0) vs irradiation time (t) as 

represented in Figure 3.14. The photocatalytic degradation rate constant (k) is determined 

by the linear fitting of the data in Figure 3.14. Since the phenol is characterized by its two 

peaks at 210 nm and 270 nm. Therefore, both the peaks are monitored during the 

photocatalytic degradation and the degradation rate constant is evaluated for both peaks. 
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The values of k for the phenol degradation by EZT are calculated at 0.00831 min-1 and 

0.01065 min-1 for the peaks at 210 nm and 270 nm respectively. These k values are 

compared with the k values of BZT at 0.00326 min-1 and 0.00330 min-1 for the peaks at 

210 nm and 270 nm respectively. In comparison, it is clear that the degradation rate 

constant (k) is increased by EZT nanorods then BZT nanoparticles. EZT nanorods 

increase the k values by 154.90% and 222.72% for the peaks at 210 nm and 270 nm 

respectively then the BZT nanoparticles. Many factors can be responsible for the 

improvement of photocatalytic degradation such as charge separation, recombination 

rate, high surface area to volume ratio, charge transport to the surface, etc. The 

appreciable improved results by EZT nanorods can be attributed to the following reasons. 

(a) The EZT nanorods formation decreases the recombination rate by driving the charge 

carriers to the surface thereby photocatalytic activity increases, (b) the surface area to 

volume ratio may increase in EZT nanorods which offers more active sites for 

photocatalytic degradation, and (c) the increment in surface states capture photogenerated 

electrons thereby reducing electron-hole recombination resulting in enhanced 

photocatalytic activity.  
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4 Chapter 4: Nitrogen-doped zinc titanate nanoparticles by 

electrospinning for visible-light photocatalytic degradation 

of phenol 

4.1 Abstract 

1Metal oxides nanomaterials are extensively used as photocatalyst for effectively 

decontaminant toxic organic compounds. But, the wide bandgap energy limits their use 

in UV-Vis irradiation only. Aiming to synthesize efficient lower bandgap photocatalyst 

that can harvest visible light for photocatalytic activity. Here, we report nitrogen-doped 

zinc titanate of bandgap energy 2.25 eV for photocatalytic degradation of phenol in the 

presence of visible light. The nitrogen doping in zinc titanate is confirmed by various 

characterization techniques. The XRD data infers that nitrogen doping induces 

compressive strain in the zinc titanate which is also confirmed by the Williamson-Hall 

method. Nitrogen doping hinders the crystallization of zinc titanate leading to the small 

crystallite as calculated by the XRD results. Other characterization technique such as 

Raman spectroscopy, FTIR, and XPS also suggests the nitrogen doping in zinc titanate. 

The FTIR results demonstrate that the nitrogen has doped at both substitutional and 

interstitial positions. The analysis of XPS and DRS data reveals that the surface states 

have been increased in doped zinc titanate. The bandgap energy of pure zinc titanate and 

nitrogen-doped zinc titanate is calculated at 2.90 eV and 2.25 eV (for maximum nitrogen 

content sample) respectively. Lessening in the bandgap energy is attributed to the extra 

electronic states provided by nitrogen in between the bandgap of zinc titanate and 

                                                 
1 Singh. S, Perween. P, Ranjan. A; Journals of Physics and Chemistry of Solids: 

doi.org/10.1016/j.jpcs.2021.110221 

https://doi.org/10.1016/j.jpcs.2021.110221


78 

 

increasing surface states. Furthermore, the nitrogen-doped zinc titanate shows enhanced 

photocatalytic activity toward phenol degradation in the presence of visible light. The 

photocatalytic rate constant (k) is increased to 0.02051 min-1 for nitrogen-doped zinc 

titanate as compare to 0.00330 min-1 for zinc titanate. The percentage increase in rate 

constant (k) is about 520% is attributing to the nitrogen doping in zinc titanate.   

KEYWORDS: Electrospinning, Nitrogen-doped ZnTiO3, Visible light photocatalysis, 

Williamson-Hall Method 

4.2 Introduction 

Solar energy[136] is an abundant natural energy source on the earth, which can be 

harvested for many practical applications, for example, visible light photocatalysis [251–

256] for degradation of organic pollutants, water splitting [257–260], electric energy 

generation [261], hydrogen generation, etc [262]. Visible light photocatalysis is a 

powerful method for degrading water-soluble organic pollutants, phenol and phenol 

derivatives, rhodamine-B, methylene blue, methylene orange, and congo red, etc present 

in the byproduct and wastewater of the industries, which are very hazardous to the 

environment and living beings [263]. Solar light-driven photocatalytic activity of the 

oxides attracts prevalent attention because of an unlimited source of solar light and 

recycled photocatalysts [181]. Among other oxides, TiO2 and ZnO are widespread studies 

photocatalysts. TiO2 is an appropriate photocatalyst for the pollutant and water remedy 

because of its high photochemical stability, non-toxicity, and inexpensiveness [264]. 

However, TiO2 has some drawbacks as it is active under UV light because of its high 

bandgap (3.2 eV), high recombination rates of photo-induced electrons and holes on its 

surface, and low quantum efficiency [181]. ZnO is also a widespread photocatalyst having 

some merits over TiO2 as it has higher electron mobility and a longer lifetime of the 

charge carriers, however, ZnO is limited by low quantum yield [265,266]. 
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However, the mixed oxide zinc titanate (ZnTiO3) of ZnO and TiO2 has some 

merits over the demerits of ZnO and TiO2 [181]. Much attention has been paid on 

perovskite-type ZnTiO3 as photocatalyst because of its low bandgap energy (2.79 eV-

3.18 eV) as compared to TiO2 (3.20 eV-3.40 eV) and ZnO (3.40 eV) for visible light 

photocatalysis [71,135,241,263,267,268]. ZnTiO3 is one of the candidates of the well-

known ZnO-TiO2 system [67,81]. ZnTiO3 is an attractive material for the applications in 

photocatalysis of organic pollutants, electrodes for solid oxide fuels, metal-air barriers, 

gas sensors, microwave dielectric, paint pigments, and sorbent [67,181,269]. Several 

methods were employed for the preparation of the ZnTiO3 including sol-gel [229], solid-

state reaction method [270], and hydrothermal method [271], etc. among all of them sol-

gel method is vastly used and promising for the preparation of nanoscale particles of high 

purity, a high degree of homogeneity, high yield, and small processing time, cost-

effective and eco-friendly [229], The sol-electrospinning process associated with the 

electrospinning of the sol of the materials.  

In our work [71], we reported a facile approach to produced ZnTiO3 with improved 

photocatalytic activity under visible light towards phenol degradation. We investigated 

the optical properties of ZnTiO3 where bandgap energy was reported at 2.88 eV and 2.79 

eV for bulk ZnTiO3 (BZT) and electrospun ZnTiO3 (EZT) respectively [71]. The obtained 

bandgap energy of the ZnTiO3 was at the onset of the visible light energy spectrum. 

Therefore, still, there is a possibility to lessen the bandgap energy to make the ZnTiO3 

more efficient visible-light photocatalyst. Considering it as the motivation for the current 

research work. The present work aims to develop a strategy to prepare nitrogen-doped 

zinc titanate (N-ZnTiO3) which led to strongly enhanced photocatalytic degradation of 

the phenol under visible light. The nitrogen doping has been achieved by the sol-gel 

process to synthesized nitrogen-doped zinc titanate (N-ZnTiO3) followed by 
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electrospinning. We have found interesting results where the bandgap of the electrospun 

nitrogen-doped ZnTiO3 nanoparticles has been reduced to 2.25 eV for higher doping of 

the nitrogen in ZnTiO3 (ENZT-1) and its visible-light photocatalytic rate has been 

enhanced appreciably.  

4.3 Experimental section 

4.3.1 Synthesis of zinc titanate (ZnTiO3) 

 The synthesis process of the sol of zinc titanate is described in section 3.3.1. 

Further to make the solution spinnable, we proceed by adding 30 drops of 10% PVA 

(nearly 1.5 mL) solution dropwise by a plastic dropper in the sol of zinc titanate at the 

same experimental conditions as described in section 3.3.1. The resultant homogenous 

polymeric solution was used partially for (i) electrospinning process to fabricate fibrous 

structured ZnTiO3 (EZT) and (ii) directly kept for the calcination process named bulk 

ZnTiO3 (BZT). The process of synthesizing BZT and EZT is represented in Figure 4.1. 

4.3.2 Synthesis of nitrogen-doped zinc titanate (ENZT) 

 In this procedure, the sol synthesis of ZnTiO3 was identical as discussed in earlier 

section 3.3.1. Urea was used as a nitrogen source. The ZnTiO3 was nitrogenated by urea 

at the time of the sol synthesis. The amount of urea was decided according to the initial 

nitrogen to titanium weight ratio (N:Ti =) 0.25, 0.50, 0.75, 1.00 in the raw materials. 

Thereafter, the solution was mixed with PVA solution as described in the ZnTiO3 

synthesis process and again the resultant solution was stable, homogeneous, and viscous 

that further used for partially (i) loaded for electrospinning and (ii) directly calcined at 

900 °C for 8 h. The electrospinning process of the samples is described in section 3.3.2. 

The synthesis process is given in Figure 4.1. The nomenclature of the obtained samples 

is given in Table 4.1.  
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Table 4.1. The nomenclature of samples. 

Composition (N:Ti) in 

raw materials 

Bulk ZnTiO3 Electrospun 

ZnTiO3  

Undoped BZT EZT 

0.25 BNZT-0.25 ENZT-0.25 

0.50 BNZT-0.50 ENZT-0.50 

0.70 BNZT-0.75 ENZT-0.75 

1.00 BNZT-1.00 ENZT-1.00 

 

Figure 4.1. Schematic diagram represents the synthesis process of bulk zinc titanate 

(BZT) and electrospun Zinc titanate (EZT) and nitrogen-doped zinc titanate (bulk 

and electrospun: BNZT and ENZT). 

We have represented the experimental data for BZT, EZT, ENZT-0.25, and ENZT-1 only 

in the text. Although, we have performed the visible light photocatalysis with all the 

samples and the degradation rate constant data have been listed in section 4.5. 
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4.4 Results and discussion 

4.4.1 X-ray diffraction (XRD) 

The X-ray diffraction patterns of BZT, EZT, ENZT-0.25, and ENZT-1 are represented in 

Figure 4.2. Indexing of XRD peaks in BZT infers the presence of ZnTiO3 with some 

residual impurities of TiO2 and Zn2TiO4 in Figure 4.2a. The hexagonal crystal structure 

of ZnTiO3 (h-ZnTiO3) can be confirmed from the JCPDS file number 25-0671. 

Meanwhile, the impurities of rutile-TiO2 and cubic-Zn2TiO4 are also matched by the 

JCPDS database 01-086-0147 and 01-073-0578 respectively. EZT maintains its crystal 

structure similar to BZT as represented in Figure 4.2b. Next, we will examine the XRD 

data of doped samples and compare them with the BZT and EZT. Figure 4.2c-d infers 

that the ENZT-0.25 and ENZT-1 maintain the hexagonal structure of ZnTiO3. But 

numerous observations can be noticed as compared to the BZT and EZT. (1) FWHM of 

peaks increases which signifies small crystallite. (2) Shifting of XRD peaks towards 

higher 2θ values indicates induced microstrain. (3) The relative intensities of XRD planes 

(104) and (110) have been interchanged in doped samples. (4) Relatively, % of ZnTiO3 

decreases thereby impurities increases. Based on these observations we assume that 

nitrogen has been successfully doped in ZnTiO3. To prove it, further characterization data 

will be presented. An increase in FWHM of the peaks indicates the small crystallite. The 

crystallite size (dm) has been calculated by the Debye-Scherrer Equation (3-1). The most 

intense peaks have been chosen to calculate the crystallite size in each sample. We have 

also calculated the average crystallite size (davg) of each sample after considering each 

peak in XRD data. Table 4.3 compares both the parameters. Table 4.3 suggests 

comparatively small crystallites in doped samples which attributes to the interrupting of 

the ZnTiO3 crystallization after N doping [272]. 
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Figure 4.2. XRD analysis of (a) BZT, (b) EZT, (c) ENZT-0.25, and (d) ENZT-1. 

Previous studies suggest nitrogen doping in metal oxides causes the creation of oxygen 

vacancies (surface states) to maintain charge neutrality thereby decreasing crystallite size 

[135,273]. Later in section 4.4.6, DRS data also supports increments in surface states in 

doped samples. We have found the crystallites of the equal size in ENZT-0.25 and ENZT-

1 irrespective of nitrogen content. However, the average crystallite size (davg) decreases 

regularly. An in-depth analysis of XRD reveals that nitrogen doping suppresses h-ZnTiO3 

meanwhile increasing impurities of Zn2TiO4. Therefore, the percentage of h-ZnTiO3 

(%H) has been calculated by the following Equation (4-1) [181]. 

% 𝑯 = [
𝑨𝒉

𝑨𝒂𝒍𝒍
× 𝟏𝟎𝟎] % (4-1) 

Here, Ah and Aall represent the area of XRD peaks relating to the h-ZnTiO3 and the area 

of all the peaks respectively. The %H is listed for each sample in Table 4.2. 
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Table 4.2. The calculation of the percentage of hexagonal phase present in the 

samples. 

Sample % Hexagonal phase 

BZT 90.09 

ENZT 92.46 

ENZT-0.25 84.76 

ENZT-1.00 78.90 

 

Table 4.2 concludes that the h-ZnTiO3 decreases consequently impurities increases after 

nitrogen doping.  

Shifting in the peaks has been noticed in ENZT-0.25 and ENZT-1. Generally, the peaks 

shift due to lattice distortion caused by defects (vacancies, interstitial, substitution, local 

structure transformation, etc.) [141,184]. Shifting of the peaks determines the type of 

microstrain as compressive strain or tensile strain [141,184]. In the current study, the 

XRD peaks shift towards a higher diffraction angle indicating the compressive strain. 

Also, the broadening in the peaks is in favor of microstrain in the doped samples. This 

may be due to the higher ionic radii of nitrogen (r2+ = 1.46 Å)  as compare to oxygen (r2+ 

= 1.38 Å). The induced microstrain can be calculated by using the Williamson-Hall model 

based on Uniform Deformation Model (WH-UDM). This WH-UDM model is given by 

the following Equation (4-2) [182,274]. 

𝜷𝒉𝒌𝒍 𝒄𝒐𝒔 𝜽 =
𝒌𝝀

𝑫
+ 𝟒𝜺 × 𝒔𝒊𝒏 𝜽 (4-2) 

Where βhkl denotes FWHM of the peaks, D represents the crystallite size, ɛ is microstrain, 

and k is known as shape constant. The linear fitting between βhkl cosθ and 4 sinθ of the 

Equation gives the value of slope and intercept thereby microstrain and crystallite size 

calculates. The comparison of the calculated microstrains is represented in Figure 4.3. 
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Also, all calculated values are listed in Table 4.3. The BZT and EZT show the positive 

slope which can be assigned to tensile strain attributing to the oxygen vacancies and 

surface states. Comparatively, EZT is stressed more than BZT, this can be attributed to 

the increasing number of surface defects induced by electrospinning. However, the doped 

samples show the opposite behaviour then undoped samples. The negative slope values 

represent compressive strain in ENZT-0.25 and ENZT-1 moreover the more negative 

slope indicates the higher compressive strain in ENZT-1. The peaks shift towards a higher 

value of 2θ also supports the compressive microstrains in doped samples. Thus, the 

nitrogen atoms reside in ZnTiO3 lattice resulting in compression of the lattice planes. We 

have calculated lattice parameters of hexagonal ZnTiO3 and doped-ZnTiO3 as listed in 

Table 4.4. The lattice parameters are in good agreement with the previously reported 

article [275]. The c/a values 2.68, 2.73, and 2.79 for EZT, ENZT-0.25, and ENZT-1 

respectively are increasing. These numbers may show that the ENZT-0.25 and ENZT-1 

structures are more open comparatively than EZT. This may be assigned to the existence 

of surface states due to nitrogen doping.  

Figure 4.4 compares the microstrain and crystallite size of the samples. 
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Figure 4.3. Microstrain calculation by WH-UDM in (a) BZT, (b) EZT, (c) ENZT-

0.25, and (d) ENZT-1. 

 

 

 

Figure 4.4. Bar graph representation of (a) microstrain (ɛ) by WH-UDM, (b) 

crystallite size (D) from the WH-UDM, and (c) average crystallite size (davg) by 

Debye-Scherrer method for BZT, EZT, ENZT-0.25, and ENZT-1. 
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Table 4.3. The comparison of davg, dm, D, and ε for BZT, EZT, ENZT-0.25, and 

ENZT-1. 

Sample davg (average) dm (from 

maximum intense 

peak) 

D (WH-ISM) ɛ ( from WH-ISM 

model) 

BZT 48.54 ± 12.32% 57.34 56.80 ± 11.61% 0.00219 ± 8.35% 

EZT 47.18 ± 11.05% 52.23 47.46 ± 13.06% 0.00270 ± 8.11% 

ENZT-0.25 25.62 ± 7.35% 24.33 16.22 ± 4.99% -0.00238 ± 11.63% 

ENZT-1 23.20 ± 7.19% 24.28 9.78 ± 2.67% -0.00698 ± 4.29% 

 

Table 4.4. The lattice parameters and c/a values of BZT, EZT, ENZT-0.25, and 

ENZT-1. 

 a (Å) c (Å) c/a 

BZT 5.09 13.94 2.73 

EZT 5.16 13.87 2.68 

ENZT-0.25 5.13 14.05 2.73 

ENZT-1 4.97 13.87 2.79 

 

4.4.2 Raman Analysis 

The Raman spectrum was recorded using a YAG laser of 532 nm laser line as an 

excitation source. Figure 4.5 represents the Raman spectra of synthesized BZT, EZT, 

ENZT-0.25, and ENZT-1. The Raman peaks detected at 176 cm-1 [Ag], 230 cm-1 [Eg], 

265 cm-1 [Ag], 344 cm-1 [Ag], and 709 cm-1 [Ag] are assigned for hexagonal phase of 

ZnTiO3 [82,220,276]. The peaks at 390 cm-1 and 614 cm-1 can be assigned to rutile-TiO2 

(r-TiO2) meanwhile the Raman peak at 468 cm-1 is ascribed for Zn2TiO4 respectively 
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[82,277]. Most of the Raman peaks are well matched in all the samples. Besides, few 

changes have been noticed in doped samples as compared to undoped samples. We have 

noticed a significant hump at 483 cm-1 in ENZT-0.25 associated with a peak at 468 cm-1 

which can be assigned for Zn2TiO4 [278]. Meanwhile, both the above peaks are merged 

in ENZT-1 as represented in Figure 4.5. The emergence of this new peak at 483 cm-1 in 

ENZT-0.25 and ENZT-1 might be due to the nitrogen doping in ZnTiO3 lattice. As 

nitrogen doping suppresses the formation of h-ZnTiO3 thereby increasing impurities of 

Zn2TiO4. It has been noticed that the peaks at 390 cm-1 and 614 cm-1 of r-TiO2 were 

suppressed in ENZT-0.25 after that omitted in ENZT-1. This is in good agreement with 

the XRD data where the XRD peak at 27.40° of r-TiO2 disappeared in nitrogen-doped 

samples. However, a weak peak at 44.40° in XRD of ENZT-0.25 shows the presence of 

r-TiO2 causes r-TiO2 peaks in the Raman spectra of ENZT-0.25 as depicted in Figure 4.5. 

We have detected a weak peak at 320 cm-1 and a broad hump at 565 cm-1 (represented by 

×) in ENZT-1 which can be assigned to vibration of Ti-N bond in doped ZnTiO3 

[245,279]. However, the same peaks are not detectable in ENZT-0.25 may be due to least 

nitrogen present in the sample. The Raman peak at 709 cm-1 corresponds to hexagonal 

ZnTiO3 has been appeared in BZT, EZT, and ENZT-0.25. However, the same peak in 

ENZT-0.25 is wider than the BZT and EZT. Meanwhile, the same peak has been shifted 

and appeared at 724 cm-1 (represented by •) in ENZT-1 as represented in Figure 4.5. The 

broadening and shifting in the peaks suggest nitrogen doping in the ZnTiO3 nanoparticles 

[280]. Previously, it has been reported that higher nitrogen doping causes larger shifts in 

Raman peaks [281]. Therefore, Raman data also concludes the nitrogen doping in 

ZnTiO3. 
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Figure 4.5. Raman spectra of (a) BZT, (b) EZT, (c) ENZT-0.25, and (d) ENZT-1. 

4.4.3 Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR spectra of BZT, EZT, ENZT-0.25, and ENZT-1 have been represented in 

Figure 4.6. The low range FTIR bands from 650 cm-1 to 600 cm-1 are assigned for 

stretching vibration of Ti-O bonds in the TiO6 octahedra exist in ZnTiO3 [241,282]. It is 

also seen that the main characteristic peak of ZnTiO3 at 562 cm-1 and 590 cm-1 shifted to 

higher wavenumber region in the N doped samples as shown in Figure 4.6 [228]. The 

blue shift of these peaks indicates the change in bond strength of Zn-Ti-O, suggesting the 

successful N doping in the ZnTiO3 crystals [283]. This is in good agreement with the 

published article by Surendar et. al, where they have reported the redshift in the La-doped 

ZnTiO3 nanoparticles [283]. Further, we have reported higher wavenumber FTIR peaks 

as following. It is clear from Figure 4.6a that all the samples have common bands in the 

range of 3700 cm-1 to 3400 cm-1 which can be ascribed for the presence of free -OH 

groups over the surface of the nanoparticles [229]. Moreover, the FTIR bands at 2981 cm-
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1, 2928 cm-1, and 2952 cm-1 can be assigned to the stretching vibration of residual C-H 

from the organic compounds [229]. We have noticed a common band at 2361 cm-1 in 

EZT, ENZT-0.25, and ENZT-1 while this band is missing in the BZT sample. This FTIR 

band at 2361 cm-1 may be due to the residual organics from PVA. However, Babu et al, 

assigned this peak at 2361 cm-1 to the incorporation of the nitrogen in the octahedral of 

TiO2 to form O-Ti-N bonds [272]. Several FTIR bands are detectable in the range of 1800 

cm-1 to 800 cm-1 in nitrogen-doped samples, among them some bands are common to both 

ENZT-0.25 and ENZT-1. However, the band intensities in the ENZT-0.25 sample is 

lower than the ENZT-1. Meanwhile few extra bands are also noticed for higher nitrogen-

doped sample ENZT-1. The FTIR shows the N-ZnTiO3 may have two kinds of N species; 

at ZnTiO3 surface and incorporated into ZnTiO3 lattice. The band at 1544 cm-1, 1516 cm-

1, and 1383 cm-1 in the nitrogen-doped samples could be assigned to the N-O bond 

vibration of surface absorbed NO3
-1 as represented by (●) in Figure 4.6b [228,282]. 

Meanwhile, the two peaks at 1070 cm-1 and 1106 cm-1 can be assigned to the nitrogen 

(hyponitrite: (N2O2)2-) adsorbed to the ZnTiO3 surface [284,285]. Also, the peaks at 1315 

cm-1 and 1608 cm-1 can be assigned to the symmetric stretching and bending of N-O bond 

in NO2
-1[281]. Thus urea promotes the formation of NO3

-1, (N2O2)2-, and NO2 in the 

ENZT-1 samples.  The FTIR spectra also exhibit peaks at 1152 cm-1, 1280 cm-1, 1234 cm-

1, 1164 cm-1, and 1436 cm-1 can be related to the N incorporated into TiO2 network as N-

Ti bond in the ENZT-0.25 and ENZT-1 (represented by ♦) [282,285,286]. However, few 

peaks are noticed to be shifted in the ENZT-1 as compare to ENZT-0.25 samples. 

Moreover, extra FTIR bands have been observed in a highly N doped sample (ENZT-1) 

as compared to other samples. These bands suggest the presence of organic molecules on 

the ENZT-1. Hence, FTIR suggests nitrogen doping in ZnTiO3 at both the interstitial 

positions and substitutional positions. 
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Figure 4.6. FTIR spectra of BZT, EZT, ENZT-0.25, and ENZT-1.00 from (a) 4000 

cm-1 to 2000 cm-1, (b) 2000 cm-1 to 700 cm-1. The peaks represented by ● and ♦ 

suggest the incorporation of N into ZnTiO3 lattice. 

 

4.4.4 Field Emission Scanning Electron Microscopy (FESEM) analysis 

The FESEM is a technique to visualize the topographic details of the surface of nanoscale 

samples. Figure 4.7 shows FESEM images of BZT, EZT, ENZT-0.25, and ENZT-1. The 

particle size of the BZT is larger than 200 nm as can be seen in Figure 4.7a. However, the 

particle size of the EZT in Figure 4.7b decreases drastically and lies in the range of 20 

nm to 50 nm attributing to the electrospinning of the sample. But, electrospinning of 

nitrogenated sol of ZnTiO3 results in bigger particles upon calcination. On the comparison 
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between the doped samples with EZT, bigger size particles (200 nm-600 nm) have 

 

Figure 4.7. FESEM images of (a) BZT, (b) EZT, (c) ENZT-0.25, and (d) ENZT-1 at 

50000 X magnification. 

 

Figure 4.8. FESEM images of (a) as-spun EZT (b) EZT at 50000 X magnification. 

appeared in ENZT-0.25 and ENZT-1 as depicted in Figure 4.7c-d. It can be observed that 

the particles are aggregated in ENZT-0.25 and ENZT-1. In addition, the electrospinning 

of ZnTiO3 sol successfully fabricates the nanofibrous structure as seen in Figure 4.8a.  
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Figure 4.9. Energy Dispersive X-Ray (EDS) of (a) EZT, (b) ENZT-0.25, and (c) 

ENZT-1 represents the presence of Zn, Ti, O and N in the respective samples. 

The diameter of the as-spun nanofibers is around 200 nm to 400 nm while the length is 

in several micrometers. The morphology in Figure 4.8a suggests a smooth surface which 

indicates the presence of the organics. The as-spun nanofibers are calcined at 900 °C in 

an air furnace which results in nanoparticles of 20 nm-50 nm in size as seen in Figure 

4.8b. Thus, the nanofibers could not retain their fibrous structure upon calcination which 

is due to the burning of organics from the surface, crystallization of EZT nanoparticles, 

and coalescence of the grains [287]. 

The elemental compositional analysis is performed by Energy Dispersive X-ray 

Spectroscopy (EDS). The EDS of EZT is depicted in Figure 4.9a confirming zinc (Zn), 
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titanium (Ti), and oxygen (O) elements in the samples. Besides this, Figure 4.9b-c asserts 

the presence of zinc (Zn), titanium (Ti), oxygen (O), and nitrogen (N) elements in ENZT-

0.25 and ENZT-1. So it is concluded that nitrogen is successfully incorporated in the 

ZnTiO3 lattice.  

4.4.5 X-ray Photoelectron Spectroscopy 

The elemental analysis of the EZT and ENZT-1 is represented in Figure 4.10 and 

Figure 4.11. The chemical state of N can be identified by deconvolution of its XPS peak. 

The N1s orbital energy can be deconvoluted into two peaks at 397.36 eV and 399.37 eV 

in Figure 4.10a. Previously reported articles infers that the N1s peaks in the range of 396 

eV-397.5 eV shave been identified as the substitutional nitrogen (NS) which replace the 

oxygen in the lattice and making Ti-N-Ti linkage [143,288,289]. Therefore, the peak at 

397.36 eV in the current research can be assigned to the substitutional nitrogen (NS) at 

the oxygen lattice sites indicating Ti-N-Ti linkage. The other deconvoluted peak of N1s 

appears at 399.37 eV in Figure 4.10a. Researches have assigned the binding energy of 

interstitial nitrogen (in the atomic form) in TiO2 octahedra in the range of 399-401 eV 

[290–292]. Also, it is reported experimentally and theoretically the same range of binding 

energy (399-401 eV) of the interstitial nitrogen in different kinds of environmental 

species such as hyponitrite (N2O2)2- to nitrite (NO2
-), and nitrate (NO3

-) [285,288]. 

Therefore, specific identification of interstitial position occupied by atomic nitrogen is 

difficult. Thus, we attribute the peak at 399.37 eV for interstitial nitrogen and assume that 

both atomic nitrogen and oxidized nitrogen are present in ENZT-1. Moreover, the 

probability is higher to occupy interstitial positions by oxidized nitrogen. This is also 

supported by the FTIR data where (N2O2)2-, (NO2
-), and nitrate (NO3

-) peaks are present.  

 Figure 4.10b-c represents the O 1s spectra for EZT and ENZT-1. The XPS peaks 

are deconvoluted into two peaks at 530.85 eV and 532.61 eV in the EZT. These peaks 
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can be attributed to the lattice oxygen (in Zn-O and Ti-O) and oxygen in surface adsorbed 

hydroxyl groups [233].  However, XPS spectra of core level O 1s can be deconvoluted 

into three peaks at 529.77 eV, 531.04 eV, and 532.25 eV in ENZT-1. The peaks at 529.77 

eV and 532.25 eV are assigned to lattice oxygen (OL) as Zn-O and Ti-O and oxygen in 

surface adsorbed hydroxyl groups (OOH) [233]. Moreover, these peaks are noticed to be 

shifted toward lower binding energy as compared to EZT. This observation is consistent 

with the earlier reported articles [281,288]. The shift in binding energy can be due to the 

electronegativity difference between oxygen and nitrogen [233]. As the electronegativity 

of the oxygen is higher than nitrogen, therefore, the substituted nitrogen will lead to 

decrease electron density on anions. This increases the electron density of the other ions. 

Due to the change in electron density over other ions, the electron screening effect would 

prominent subsequently, XPS peaks will shift to the lower binding energy [233]. In 

addition to this, one extra XPS peak appears at 531.04 eV in the ENZT-1. This peak may 

be assigned to the oxygen (ON) in hyponitrite (N2O2)2-, nitrite (NO2
-), and nitrate (NO3

-) 

[288]. Feng et. al, have suggested the peak at 531.5 eV to the formation of hyponitrite 

((N2O2)2-) [288]. Further, to acquire in-depth information, we have calculated the area% 

of deconvoluted O 1s peaks as given in Table 4.5. The area percentage of OL and OOH is 

72.96% and 27.03% respectively in EZT. This area% has decreased to 68.10% and 

13.34% for OL and OOH in ENZT-1. The decrease in area% of lattice oxygen in the doped 

sample may denote that the oxygen has been substituted by nitrogen and also may give 

an indication of increasing oxygen vacancies. The formation of nitrates may decrease the 

surface hydroxyl groups thereby the area% of OOH reduces. Area% of ON is calculated at 

18.64% in ENZT-1.   
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Figure 4.10. XPS of (a) N 1s of ENZT-1, (b) O 1s of EZT, and (c) O 1s of ENZT-1. 

The titanium and zinc core-shell level XPS spectra are depicted in Figure 4.11. The Ti 2p 

can be deconvoluted into four peaks at 459.28 eV, 460.38 eV, 464.08 eV, and 465.16 eV 

in EZT as represented in Figure 4.11a. The core-level peaks at 459.28 eV and 465.16 eV 

represent Ti4+ 2p3/2 and Ti4+ 2p1/2 orbital respectively attributing to the presence of Ti4+ 

in EZT [293]. Also, the EZT contains Ti3+ in a significant amount as confirmed by the 

peaks at 460.38 eV, 464.08 eV assigned for Ti3+ 2p3/2, and Ti3+ 2p1/2 respectively 

[293,294]. Whereas in ENZT-1, the core level XPS peaks of Ti 2p have appeared at 

458.24 eV, 459.47 eV, 463.01 eV, and 464.18 eV as represented in Figure 4.11b. The 

data are given in Table 4.5. These peaks suggest the presence of Ti4+ and Ti3+ in ENZT-

1. It is noticed that the Ti 2p core-level XPS peaks have been shifted towards lower 

binding energy in ENZT-1. Moreover, the comparison between the area% in EZT and 

ENZT-1 indicates that Ti4+ decreases and Ti3+ increases in ENZT-1 as compare to EZT. 
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This can be attributed to the partial reduction of Ti4+ to Ti3+ by doped nitrogen. This 

further confirms the doping of nitrogen at interstitial and substitutional positions. These 

changes in XPS of Ti are emerged due to the electronegativity difference between oxygen 

and nitrogen and the proper reason has been given above.  

 

Figure 4.11. XPS analysis of (a) Ti 2p of EZT, (b) Ti 2p ENZT-1, (c) Zn 2p EZT, and 

(d) Zn 2p ENZT-1. 

The high-resolution XPS spectra of Zn 2p are given in Figure 4.11c-d for EZT and 

ENZT-1 respectively. XPS peak of Zn 2p can be deconvoluted into two peaks at 1022.48 

eV, 1045.65 eV attributing to Zn 2p3/2, and Zn 2p1/2 respectively in EZT [233,295]. 

However, Zn 2p3/2 and Zn 2p1/2 appear at 1021.36 eV and 1044.60 eV respectively in 

ENZT-1. This confirms the +2 oxidation state of Zn in EZT and ENZT-1 samples [295]. 

We noticed a shift of around 1 eV towards lower binding energy in ENZT-1. This is due 

to the nitrogen doping in ENZT-1 and somewhat due to the above reason. The FWHM of 
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the Zn signal in ENZT-1 increases as compare to EZT may be due to N3- substitution of 

O2- [233]. 

Table 4.5. The representation of binding energy (B.E) and area % of the elements in 

ENZT-1 and EZT. 

 ENZT-1 EZT 

 B.E (eV) Area % B.E (eV) Area % 

 

N 1s 

397.36 72.01   

399.37 27.98   

 

O 1s 

529.77 68.10 530.85 72.96 

531.04 18.64 - - 

532.25 13.34 532.61 27.03 

 

Ti 2p 

458.24 56.13 459.28 62.24 

459.47 12.67 460.38 4.84 

463.01 3.78 464.08 2.53 

464.18 27.40 465.16 30.40 

 

Zn 2p 

1021.36 69.00 1022.48 66.87 

1044.60 30.99 1045.65 33.12 
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4.4.6 UV-Vis Diffuse Reflectance Spectroscopy 

The UV-Vis DRS data was recorded to elucidate the bandgap engineering of ZnTiO3 after 

nitrogen doping. The bandgap energy has been calculated for all the samples by using the 

modified Kubelka-Munk function given in Equation (3-2). Figure 4.12 represents the 

bandgap energy for all the samples by assuming indirect transition. We have noticed a 

remarkable decrease in the bandgap of the doped samples as listed in Table 4.6. The 

bandgap energy has been calculated at 2.89 eV, 2.83 eV, 2.63 eV, and 2.25 eV for BZT, 

EZT, ENZT-0.25, and ENZT-1 respectively. The little decrease in EZT bandgap energy 

(Eg=2.89 eV) compare to BZT bandgap energy (Eg=2.83 eV) attributes to the surface 

defects generated by electrospinning of ZnTiO3 [71]. However, the sharp decrease in 

bandgap energy of ENZT-0.25 and ENZT-1 can attribute to the extra electronic states 

provided by nitrogen doping in ZnTiO3 [135]. 
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Figure 4.12. Plots of modified Kubelka-Munk function versus the energy of exciting 

light leading to the bandgap of (a) BZT, (b) EZT, (c) ENZT-0.25, and (d) ENZT-1. 

 

Table 4.6. The bandgap energy of BZT, EZT, ENZT-0.25, and ENZT-1.00 

Sample Name Bandgap Energy (Eg) 

BZT 2.89 eV 

EZT 2.83 eV 

ENZT-0.25 2.66 eV 

ENZT-1 2.25 eV 
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Next, we have explained the existence of surface states by DRS data. Figure 4.13 

represents the plot between F[R] versus wavelength (λ) which reveals that the absorption 

onset is steep in all the samples.  

 

Figure 4.13. Representation of F(R) versus wavelength for BZT, EZT, ENZT-0.25, 

and ENZT-1. Increasing steepness in graphs for higher nitrogen doping suggests the 

surface states in samples. 

However, the absorption onset is maximum steeper in BZT and continuously decreases 

for the other samples in a regular pattern. This represents the availability of the surface 

defects and anion vacancies that generate localized intra-bandgap states, the so-called 

surface states [35]. Therefore, ZnTiO3 is reported as an n-type semiconductor [87]. The 

flat absorption shoulders are conspicuous in the case of EZT as compared to BZT. This 

might be due to the creation of more surface defects arising due to mesoporosity as the 

electrospinning technique reduces the size of the materials [71]. The fast decreasing 

steepness in nitrogen-doped samples may indicate much-increasing surface states 

(surface defects and anion vacancies) along with other reasons (will discuss later in the 

same section). The decreasing steepness in ENZT-0.25 and ENZT-1 can chiefly attribute 
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to the increasing oxygen vacancies create upon nitrogen doping to maintain charge 

neutrality as also supported by the XRD data. However, surface defects generated by 

electrospinning may be considered approximately equal in EZT, ENZT-0.25, and ENZT-

1 because the samples were electrospun under constant experimental conditions. 

Therefore, it can be concluded that the shrinkage of the bandgap upon nitrogen doping is 

due to the synergic effect that comes from the creation of mid-gap energy states in 

between VB and CB, surface defect, and oxygen vacancies.   

4.4.7 Photoluminescence Spectroscopy  

All the samples were investigated by the PL technique at room temperature and 

the results have shown in  

Figure 4.14. The photoluminescence spectra is generated from the recombination of the 

free charge carriers. The PL spectroscopy extensively uses for the study of the charge 

carrier trapping, migration and transfer, and the density of the electron-hole pairs in the 

semiconductor [87,244]. All the samples were excited at wavelength 260 nm and the 

spectra were recorded from 270 nm to 530 nm. Three emission bands have originated at 

357 nm, 420 nm, and 487 nm in all the samples with varying peak intensities, representing 

the different charge carrier's lifetime. The emission peak at 420 nm corresponds to the 

bandgap energy 2.9 eV can be assigned to the band to band transition (direct transition) 

from the conduction band to the valance band. Whereas, the latter band at 487 nm 

corresponds to bandgap energy 2.54 eV is an emission signal originating from an oxygen 

vacancy trapped electron and the presence of defects [245]. Also, the emission peak at 

357 nm corresponding to 3.5 eV can be attributed to the presence of Zn2TiO4 impurities. 

The PL examination suggests that the PL intensity of the doped samples is quite lower 

than the undoped sample in the order of BZT ˃ EZT ˃ ENZT-0.25 ˃ ENZT-1. This 

reveals that the recombination rate of electron-holes is also in the above order. The lower 

recombination rate of electron-hole pairs demonstrates that the electrons and holes are 
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available for a longer time for photocatalytic degradation. Thus, the PL results 

demonstrate that the doped samples enable efficient separation of photoinduced electron-

hole compared with undoped samples. Thus, the nitrogen doping in the ZnTiO3 quenches 

the photoluminescence of the materials and this can be achieved by the two routes: (1) 

The oxygen vacancies trap the electrons thereby reducing recombination rate. (2) The 

excited electron transfer from the conduction band to the new defect levels that exist near 

the conduction band minimum thereby decreases the PL intensity [296]. 

 

Figure 4.14. PL spectroscopy of BZT, EZT, ENZT-0.25, and ENZT-1. 

4.5 Photocatalytic Activity of N-ZnTiO3 nanopowder 

The photocatalytic degradation of phenol has been studied in the aqueous suspension of 

N-ZnTiO3 nanopowder under visible light illumination. One important consideration here 

is the possibility of adsorption of the phenol molecules onto the catalyst powder, so that 

the disappearance of phenol from the solution can be mistakenly interpreted as 

photocatalytic degradation. To avoid this error, we have performed the surface area 

analysis of the electrospun samples with and without nitrogen incorporated, and also 
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measured the phenol concentration dependence with time under dark conditions. Even 

though the specific surface area in nitrogenated electrospun samples was relatively much 

larger (122 m2/g) than that in the un-nitrogenated electrospun samples (24.47 m2/g) as 

shown in Figure 4.15, the change in phenol concentration with time in presence of these 

two catalyst samples under dark conditions was negligible. This confirms that adsorption 

contribution can be ignored and all the degradation observed in presence of light can be 

attributed to photocatalysis. We speculate that the degradation of the urea molecule 

during calcination, which may lead to the formation and escape of gaseous nitrogenous 

compounds, is aiding in the formation of highly porous oxide material. 

 

Figure 4.15. The BET surface area and the pore size distribution in EZT ((a) and 

(b)), and in ENZT-1 ((c) and (d)). A significant change in the surface area and the 

pore size distribution is observed after nitrogenation, which bears an important 

effect on photocatalytic behavior. 
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The photocatalytic degradation process has been conducted in a homemade photoreactor 

(please see 3.3.3). 50 ml aqueous solution of phenol (100 M) has been taken into quartz 

photo-reactor vessel with 100 mg of ENZT-0.25 and ENZT-1 nanopowder (2 mg/ml) 

followed by continued stirring. Each time a 2 ml solution has been taken after 30 minutes 

of time-interval and centrifuged at 1200 rpm for 10 minutes to settle down the 

photocatalyst. The supernatant has been collected and use for the study of the 

concentration of phenol by monitoring its UV-Vis peak at 270 nm. First of all, the 

adsorption experiment has been performed in the dark for one hour to confirm adsorption 

on the nanopowder surface. The data suggests no adsorption onto the photocatalyst 

surface. The UV-Vis spectra of the phenol show two absorption peaks at 210 nm and 270 

nm corresponding -* and n-* transitions respectively. The photocatalytic activity of 

phenol has been evaluated after recording the intensities of main absorption peaks at 270 

nm and accordingly, concentration has been plotted against time. As stated in the 

beginning that the four nitrogen-doped samples have been prepared named ENZT-0.25, 

ENZT-0.50, ENZT-0.75, and ENZT-1 along with this, their counterpart bulk nitrogen-

doped samples (BNZT-0.25, BNZT-0.50, BNZT-0.75, and BNZT-1) have been also 

prepared.  All the prepared samples have been examined for phenol degradation in the 

presence of visible light. The UV-Vis data fit into first-order kinetic Equation (3-3) to 

study the kinetics of photocatalytic degradation of phenol [297]. The data is plotted 

between log(C/C0) vs time (t) as shown in Figure 4.16 (a & c). The linear fit to the data 

generates slope which is the degradation rate constant (k). The degradation rate constants 

are listed in Table 4.7 and compare with the BZT and EZT. From Table 4.7, it can be 

noticed that the degradation rate is increasing for doped samples. Thus, nitrogen doping 

improved the degradation of phenol. We also calculate the degradation efficiency of the 
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samples towards phenols degradation and data is compared with the BZT and EZT. The 

degradation efficiency (η%) is calculated by Equation (4-3). 

𝜼% = [
𝑨𝟎 − 𝑨𝒕

𝑨𝟎
× 𝟏𝟎𝟎] % (4-3) 

where A0 and At are the initial absorbance and absorbance at the time t respectively. The 

calculated degradation efficiencies are given in Table 4.7. The data in Table 4.7 represents 

that nitrogen doping contributes to the increment in phenol degradation by visible light 

photocatalysis. The visible light photocatalysis is well established for the metal oxides as 

photocatalyst [250,264,297]. In short, the photocatalysis process is associative with (1) 

generation of charge carriers upon irradiating with light energy greater than the bandgap 

(Eg) of the photocatalyst, (2) transfer of photogenerated charge carriers, and (c) 

consumption of the photogenerated electrons and holes in the CB and VB respectively 

[297,298]. Our previous study indicates the bandgap energy of BZT and EZT at 2.89 eV 

and 2.83 eV respectively [71]. EZT samples may have comparatively more surface states 

than BZT thereby reducing bandgap energy trivially. Also, it is clear from the DRS and 

XPS data that nitrogen doping in ZnTiO3 lattice increases Ti3+ defects. Moreover, the 

DRS data suggests bandgap lessening. Based on the above analysis of EZT and ENZT-1 

by DRS and XPS, the schematic diagram for the effective photocatalysis charge transfer 

mechanism has been shown in Figure 4.17. It is reported that the position of Ti3+ defects 

levels and N 2p orbital depends upon the synthesis process [273]. Therefore, the level of 

the Ti3+ defects will appear below the conduction band (CB) and N 2p orbitals will be 

formed above the valance band (VB) edge thereby reducing the bandgap energy of the 

doped zinc titanate [273]. This bandgap energy further decreases for higher nitrogen 

content sample ENZT-1 as calculated by DRS data. The electrons in VB and N 2p states 

absorb energy on excitation and jump to the Ti3+ states and CB, leaving holes behind. The 

excited electrons trap in Ti3+ states leading to the delaying in the recombination of 
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electrons and holes. Trapping of the excited electrons in Ti3+ increases the lifetime of both 

charge carriers thereby these are available for photocatalysis reaction at the photocatalyst 

surface. This may be a reason behind improved phenol degradation in visible light by 

ENZT-0.25 and ENZT-1.  

 

Figure 4.16. (a) & (c): the first-order-rate kinetics, and (b) & (d): the plot of 

degradation constant (k) versus composition (N:Ti) of electrospun N-doped ZnTiO3 

samples and bulk N-doped ZnTiO3 samples respectively. 
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Table 4.7. The calculation of the first-order-rate constant (k) and % of 

photocatalytic degradation efficiencies. 

Sample k (min-1)  % (270 nm) 

BZT 0.0033 31.65 

BNZT-0.25 0.01054 73.59 

BNZT-0.50 0.01122 74.39 

BNZT-0.75 0.01405 79.25 

BNZT-1.00 0.01736 87.56 

EZT 0.01124 71.92 

ENZT-0.25 0.01425 75.53 

ENZT-0.50 0.01475 84.01 

ENZT-0.75 0.01568 84.34 

ENZT-1.00 0.02051 92.42 
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Figure 4.17. Proposed scheme to represents the nitrogen electronic states, surface 

states in doped samples. 
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5 Chapter 5: Dramatic enhancement in adsorption of congo 

red dye in polymer-nanoparticle composite of polyaniline-

zinc titanate  

5.1 Abstract 

2Adsorbent materials with high and rapid adsorption properties are required always. We 

found dramatic enhancement in the adsorptive removal of Congo Red (CR) dye by 

polyaniline-zinc titanate (PANI/ZTO) nanocomposite as compared with that when PANI 

or ZTO are used separately. The dye exhibited little adsorption in the presence of lab-

synthesized pristine ZnTiO3 (ZTO) powder as adsorbent and somewhat moderate 

adsorption in the presence of neat polyaniline whereas an excellent and much faster 

adsorption was exhibited in the presence of PANI/ZTO nanocomposite. The composite 

was prepared by carrying out the polymerization of aniline in the presence of ZTO 

suspensions. The composite samples were characterized using X-Ray diffraction, FT-IR 

Spectroscopy, field emission scanning electron microscopy (FESEM), X-ray 

photoelectron spectroscopy (XPS), and dynamic light spectroscopy (DLS), and the 

adsorption kinetics were studied using UV-vis spectroscopy. The characterization data 

suggest that the adsorption of the CR dye gets enhanced because PANI chain molecules 

which are chiefly responsible for adsorption through π-π interactions with the dye, get 

adsorbed/tethered on to the ZTO nanoparticles, and thereby overcome the mass transfer 

limitation by being better exposed to the dye molecules. The kinetics of adsorption 

followed the pseudo-second-order rate equation and the rate of adsorption was controlled 

by intra-particles diffusion. The isotherm was best described by the Langmuir model and 

                                                 
2 Singh. S, Perween. S, Ranjan. A; Journal of Environmental Chemical Engineering: 

doi.org/10.1016/j.jece.2021.105149 

https://doi.org/10.1016/j.jece.2021.105149
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the maximum adsorption was calculated to be 64.51 mg/g. The value of 7.80 kJ/mole 

obtained from the Dubinin-Radushkevich (DR) model suggested the physisorption of CR 

onto PANI/ZTO nanocomposite. These results suggest that the mass of a polymeric 

substance in general can be better utilized for adsorption by suitably dispersing them over 

the surface of appropriate support nanoparticles. 

5.2 Introduction 

Polymer nanoparticle composites have been utilized for a range of engineering 

applications such as visible light photocatalysis, adsorption, energy storage, dielectric 

applications, water treatment, electrical energy storage, anticorrosion, solar cells, fuels 

cells, etc,. in recent past [299–304]. Polymer strands tethered or adsorbed on the 

nanoparticle surfaces can impart desired functionalities to the nanoparticulate materials. 

Treatment of chemicals in wastewater through adsorption could be an important area of 

application of such composites. The polymer chains can provide appropriate interaction 

sites for a given adsorbate molecule and thereby serve as good adsorbent materials. The 

adsorption can be facilitated and tuned by suitably modifying the monomer chemistry and 

their interaction with the adsorbing species. A polymeric substance designed so as to 

exhibit good adsorption capacity towards a particular compound can be utilized as an 

adsorbent material, and adsorption is ordinarily carried out by heterogeneous routes with 

adsorbent present in the solid phase and adsorbing species in liquid. In heterogeneous 

adsorption, it is easy to separate the treated liquid but the subsurface polymer chains in 

the solid adsorbent particles may not be efficiently utilized for adsorption due to mass 

transfer limitations. One may envision homogeneous adsorption where the dissolved 

strands are utilized for adsorption, but here separation of the dissolved polymers after the 

treatment becomes a necessary but difficult step. One possible way to overcome both 

these limitations in ease of separation and effective utilization of the adsorbent mass is to 
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distribute the polymer strands over inorganic nanoparticle surfaces. In this approach, most 

polymeric matter is present at the surface, and therefore is better accessible to the 

adsorbate species present in the liquid phase. And moreover, the nanoparticles carrying 

the polymers along with the adsorbed species on its surface can be easily separated from 

the parent liquid. In this paper, we report designing such a novel system and demonstrate 

that our approach gives a dramatic enhancement in the adsorption rate.  

Here, we have chosen the Congo Red (CR) dye as the adsorbing species. The dyes 

currently in industrial use are generally non-biodegradable and highly toxic, and in spite 

of being important chemicals that concern routine human lives, create serious 

environmental problems [25]. Waste discharge effluents from textile, pesticide, 

pharmaceutical, food, and leather industries frequently contain dyes and pollute the water 

resources [305]. Turbid water resulting from the dyes present in water resists the sunlight 

penetration which directly affects the photosynthesis process useful for the aquatic system 

[8]. Therefore, the removal of dyestuffs from the wastewater is highly desirable before 

their discharge in natural water bodies [25]. Many methods and technologies such as 

membrane treatment [305], coagulation/flocculation [306], ozone treatment [307], ion 

exchange [308], photocatalysis [71,309], biological and chemical oxidation [310], and 

adsorption [311,312], etc. have been used to remove the dyestuffs from the effluent. 

Among the available techniques, adsorption is widely recognized as a  promising method 

because of its flexibility, ease of operation, low capital investment, the simplicity of 

design, insensitivity towards toxic materials, and the ability to remove the pollutants 

effectively [313,314]. In a previous study, the authors have shown the ZnTiO3 (ZTO) 

nanomaterials synthesized via a novel method show high degradation of aqueous phenol 

in visible light [71]. In this paper, we have used the ZTO as our base nanoparticle.  
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PANI is a conducting polymer and has been of great interest to the academic and 

industrial community [315]. This polymer is easy to prepare, inexpensive, has good 

thermal stability, can offer large surface area, and its properties can be manipulated easily 

by doping-dedoping reversibility [315]. PANI has attracted considerable attention for 

adsorption application due to the nitrogen-containing protonic amine group in its 

backbone which has a tendency to attract heavy metal ions such as Cu, Zn, Ti, Pb, As, 

etc. as well as anionic pollutants through the electrostatic attraction, hydrogen bonding, 

π-π interaction, and dipole-dipole interaction [316]. But, the use of PANI as an adsorbent 

is limited owing to its low mass density due to which its tendency to settle down and 

hence its recovery from the solution is restricted [315].  

 Here, we report that ZTO nano-particles with polyaniline (PANI) as the adsorbing 

polymer on its surface form an excellent adsorbent material for removal of Congo Red 

(CR) dye from liquid phase as compared to that when ZTO or PANI nanoparticles are 

used separately. The ZTO/PANI is rational choice for the design of nanocomposite 

material since the ZTO can stabilize conjugated polymers via donor-acceptor interaction 

[317], and properties like insolubility in water, high mass density, high porosity, and easy 

recovery can make it a suitable candidate material for the adsorption [69]. 

As suggested by the data presented in this paper, relatively enhanced adsorption of the 

CR dye onto the composite particles can be attributed to the tethering/adsorption of the 

polyaniline molecules onto the ZTO particles thereby exposing more adsorption sites on 

the polymer. Our findings suggest that a suitable particle-polymer composite can be 

designed so as to affect the adsorption of a particular kind of dye or chemical pollutant 

that is present in the solution phase.  

The PANI/ZTO nanocomposite was synthesized through chemical polymerization of 

aniline in the presence of as-prepared ZTO nanoparticles by sol-gel route. The kinetics of 
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adsorption and equilibrium isotherms for CR dye adsorption have been investigated with 

variations in process parameters such as dye concentration, contact time, and temperature. 

Table 5.1 shows a comparison of the approximate time to achieve 90% adsorption of CR 

by various previously reported polyaniline-based adsorbents. In the current study, we 

achieved approximately 90% adsorption of (50 ppm-75 ppm) CR within 15 min by 

PANI/ZTO nanocomposites.  

Table 5.1. Comparison of time for achieving 90% adsorption of CR by previously 

reported adsorbents. 

Adsorbent Initial adsorbate 

(CR) concentration 

 Time taken to 

achieve 90% 

adsorption 

Reference 

PANi/Bi2WO6 25 ppm-200 ppm 30 min [318] 

α-MoO3/Polyaniline 10 ppm-50ppm 30 min [319] 

Polyaniline@MoS2 10 ppm-100 ppm 30 min [316] 

Polyaniline 20 ppm 30 min [320] 

pTSA doped 

polyaniline@graphene 

oxide 

200 ppm 150 min [321] 

CNT/Mg(Al)O 100 ppm 90 min [322] 

PANI/ZTO 50 ppm-150 ppm 15 min Present work 

5.3 Experimental section 

5.3.1 Synthesis of ZnTiO3 (ZTO) 

The synthesis process of the zinc titanate is given in section 3.3.1.  
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5.3.2 Synthesis of Polyaniline by precipitation method 

Polyaniline (PANI) was synthesized by the chemical polymerization method. To 

synthesize PANI, three main solutions (solution-1, solution-2, and solution-3) were 

prepared as follows. The solution-1 was prepared by mixing 2 mL of aniline into 73 mL 

of DI-H2O (equivalent to 0.3 M) at room temperature (RT) for 1 h. The solution-2 was a 

3 M H2SO4. Then the final solution-3 was prepared by adding 0.294 g K2Cr2O7 in 10 mL 

of DI-H2O followed by the addition of 2-3 drops of 3 M H2SO4. The PANI was prepared 

by the following process stepwise: 7.5 mL of solution-2 was mixed in 75 mL of solution-

1 containing aniline monomers, resulting in anilinium cations. The H2SO4 contained in 

the solution-2 acted as the dopant for the aniline monomers. To initiate polymerization of 

aniline monomers, 7.5 mL of solution-3 containing K2Cr2O7 which act as a polymerizing 

agent was slowly added to the above solution dropwise. The resulting process was kept 

under continuous stirring at RT for 12 h. The PANI was precipitated in the above solution 

which was further filtered and washed it several times with ethanol and water, 

respectively. Later, the residue was dried at 90°C for 5 h which finally obtained powder 

was dark blue. The synthesis process of PANI is represented in Figure 5.1. 

5.3.3 Synthesis of PANI/ZTO nanocomposite 

The PANI/ZTO nanocomposite was synthesized by the chemical polymerization 

process. First of all, a synthesized calcined sample of 2g ZTO powder was dispersed in 

solution-1 (as defined in section 2.3) under continuous magnetic stirring at RT for 10 min. 

Solution-2 and solution-3 were then added to the above mixture, respectively. The 

resultant solution was kept under continuous stirring at RT for 12 h. The final suspension 

was filtered and the collected residue was washed several times with ethanol and water 

respectively. The residue was dried at 90°C for 5 h in the oven. Finally, the collected 
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materials were crushed into a fine powder. The scheme of the synthesis process of 

PANI/ZTO nanocomposite is represented in Figure 5.1. 

 

Figure 5.1. Scheme represents synthesis process of polyaniline (PANI) and 

polyaniline/zinc titanate (PANI/ZTO) nanocomposite. 

5.3.4 Adsorption Experiments 

The batch adsorption experiments were carried out in a double-walled glass chamber 

which facilitates the circulation of the water with the help of a chiller to maintain the 

constant temperature during experiments. To study the dye uptake by the PANI, ZTO, 

and PANI/ZTO, 200 mg of adsorbent was added into a 100 mL aqueous solution of CR 

dye of desired initial concentration of 50 ppm, 75 ppm, 100 ppm, and 150 ppm at natural 

pH and agitated at 600 RPM at RT. At a time interval of 15 min, the 2 mL solution was 

taken and the adsorbent was separated by a centrifuge process for the UV-Vis analysis. 

The characteristic absorption peak of CR dye was found to be at 498 nm by the UV-Vis 

spectrophotometer. This peak was used for monitoring adsorption studies. The 

concentration of the dye at different times was calculated from their UV-Vis absorbance 

spectra to further study the adsorption kinetics. For the adsorption isotherms, the CR 

solution of four different concentrations of 50 ppm, 75 ppm, 100 ppm, and 150 ppm was 
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agitated until the equilibrium was achieved. The adsorption (or adsorption capacity, Qt) 

defines the value of the amount of adsorbed substance (adsorbate) onto adsorbent in the 

solid-liquid interface solution system and, if equilibrium achieves in the solution then it 

is called equilibrium adsorption (or equilibrium adsorption capacity Qe) [323] The 

adsorption (Qt) has been defined by the following Equation (5-1) [312,319]. 

𝑸𝐭 = (𝑪𝟎 − 𝑪𝐭)
𝑽

𝒎
 (5-1) 

where Qt (mg/g) is the adsorption at time t, C0 (mg/L) and Ct (mg/L) are the CR 

concentration at beginning and time t, V(L) is the volume of solution, and m (g) is the 

mass of adsorbent. The equilibrium adsorption (Qe) corresponding to equilibrium 

concentration Ce was calculated also by the above Equation (5-1). 

5.4 Results and discussion 

5.4.1 X-ray Diffraction analysis 

The crystal structure of as-prepared samples has been confirmed by an X-ray 

diffractogram. Figure 5.2 shows the XRD pattern of polyaniline where the two broad 

diffraction peaks centered at 20.89˚ and 25.0˚ corresponds to (100) and (110) plane 

respectively, are assigned to the semi-crystalline PANI [324,325]. Presence of diffused 

peaks implies a suppressed crystallinity in the pure polyaniline samples. It was also 

observed that the polyaniline powder samples, when suspended in water, made the 

suspension acidic. This can be attributed to the presence of protonated nitrogen centers 

which suppresses the native crystallinity which would have otherwise resulted from 

packing of neutral polyaniline chains as suggested by rather broad XRD peaks observed 

in polyaniline powders. The XRD pattern corresponds to the rhombohedral structure, as 

confirmed by matching with the standard rhombohedral structure of ZTO (JCPDS PDF: 

25-0671) [229]. The high intensity of the diffraction peaks indicates the good crystallinity 
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of as-prepared ZTO. The XRD pattern of PANI/ZTO nanocomposite shows that the 

crystallinity of the ZTO is maintained, whereas the PANI has lost its semi-crystalline 

nature as evidenced by the disappearance of its peaks after compositing. A change in 

FWHM of the ZTO Bragg peaks is also noticed. The average crystallite size (d) of ZTO 

and PANI/ZTO nanocomposite is calculated by the Debye Scherrer Equation (3-1). This 

relation gives d values of 40.29 nm and 43.26 nm respectively in ZTO and the composites. 

The most prominent Bragg peak at 35.22˚ corresponding to (110) plane is chosen to 

calculate the crystallite sizes. The small increase in the crystallite size can be attributed 

to the layer of polyaniline molecules adsorbed on the surface of the ZTO particles, which 

is also in agreement with other characterization data as presented in later sections. In 

summary, XRD results suggest that the polymerization of polyaniline in the presence of 

ZTO inhibits the crystallization of PANI and yields the ZTO nanoparticles decorated with 

the polyaniline molecules. Next, we present the results that establish the nature of 

physico-chemical interactions that lead to these structural modifications in polyaniline 

which subsequently improves the adsorption in composites. 
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Figure 5.2. XRD pattern of PANI, ZTO, and PANI/ZTO nanocomposite. Figure in 

inset represents the broadness in XRD of PANI/ZTO in the range of 2θ = 10º to 18º. 

5.4.2 Dynamic light scattering analysis 

As mentioned earlier, the aqueous suspension of the synthesized polyaniline powder 

was acidic in nature which may be due to the presence of polyaniline present in the form 

of polyaniline hydrogen sulphate [326]. The zeta potential of the polyaniline powder 

samples was found to be -7.54 mV. The negative charge on the polyaniline develops due 

to the release of protons by the PHS chains [326]. The zeta potential measurements of the 

samples PANI, ZTO, and PANI/ZTO nanocomposite shows that all the samples acquire 

negative surface charges in water and have been measured to be -7.54 mV, -30.2 mV, and 

-21.2 mV for PANI, ZTO, and PANI/ZTO nanocomposite respectively. 
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Figure 5.3. The particle size distribution of (a) PANI, (b) ZTO, and (c) PANI/ZTO 

nanocomposite. 

 

The moderate adsorption of the CR found with PANI which is absent in ZTO arises 

mainly due to π-π interaction and hydrogen bonding [316]. Although polyaniline has an 

affinity to adsorb CR, owing to agglomeration (confirmed by less charge as measured 

from zeta potential measurement) polyaniline is not best utilized for adsorption because 

agglomeration and crystallinity causes a reduction in surface area. However, carrying out 

the polymerization of polyaniline in the presence of ZTO helps in overcoming this 

shortcoming. The presence of ZTO in the solution causes polyaniline molecules (in the 

form of PHS) to adsorb onto the ZTO particles. The surface charge on the ZTO is negative 

because of the accumulation of the OH- ions on to ZTO surface [327]. The binding 

between the PHS and ZTO is mediated by the electrostatic attraction between the positive 
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charge center on the PHS and the negatively charged surface of ZTO. The electrostatic 

pull between the ZTO particles and polyaniline molecules suppress the latter’s tendency 

to crystallize and agglomerate (also corroborated by the XRD data discussed earlier) and 

causes polyaniline to get adsorbed in the molecular form on to the ZTO thereby exposing 

more sites of π-π interaction and hydrogen bonding for adsorption of CR. Thus the 

presence of ZTO essentially leads to higher availability of surface area with active 

adsorption sites and helps in efficiently utilizing the polyaniline molecules for CR 

adsorption. The particle’s size of the PANI, ZTO, and PANI/ZTO has been found 734 ± 

109.5 nm, 267.4 ± 58.57 nm, and 379.1 ± 72.48 nm respectively as depicted in Figure 

5.3. As expected the particle size of the nanocomposite is higher than the ZTO and smaller 

than the PANI. 

5.4.3 Fourier transform infrared spectroscopy analysis 

FT-IR spectroscopy of all the samples was conducted to understand how the nature of 

chemical bonding is influenced in composite samples as compared to parent materials of 

ZTO and polyaniline. The FT-IR results also help us to explain the enhanced adsorption 

of CR in composite powder materials. The standard peaks for C-H and N-H (around 3000 

cm-1), OH stretch (near 3650 cm-1), metal-oxygen bonds (near 540 cm-1), and bands 

specific to polyaniline (from 1000 cm-1 to 1550 cm-1) (please see in section 7.4.2 for FT-

IR of polyaniline) are observed as shown in Figure 5.4 [185,328–330]. The assignments 

of various peaks to associated chemical bonds are presented in Table 5.2. The bands at 

537 cm-1 and 547 cm-1 are the characteristic peaks of Ti-O and Zn-O in ZTO respectively 

which are present in ZTO and composites but absent in polyaniline [70,127]. 
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Figure 5.4. The FT-IR spectra of PANI, ZTO, and PANI/ZTO from (a) 4000 cm-1 to 

2000 cm-1, and (b) 2000 cm-1 to 500 cm-1. 

The presence of a band due to the stretching mode of relatively mobile OH- ions at around 

3650 cm-1 is observed in both polyaniline and the PANI/ZTO nanocomposite powders. 

This can be attributed to the presence of OH- ions due to the formation of PHS as dictated 

by the electroneutrality since PHS has a positively charged backbone. In addition a broad 

and weak hump around 3600 cm-1 is observed in ZTO samples, suggesting the presence 

of adsorbed hydroxyl ions on to the ZTO surface. The ZTO may be acquiring a negative 

charge, as corroborated from zeta potential measurements, due to these adsorbed OH- ions 

[327]. The peaks at 1250 cm-1 due to C-N stretching and 1473 cm-1 due to C=C stretching 

in benzenoid rings in PANI are noticed to shift towards higher wavenumber in the 

nanocomposite. We attribute these shifts to the binding of positively charged protonated 

nitrogen centers on to the negatively charged ZTO surfaces thereby leading to a change 

in the C-N and C=C band frequencies. We notice one stronger band at 1301 cm-1 and a 

weak band at 1250 cm-1 in PANI/ZTO nanocomposite as tabulated in Table 5.2.The band 

at 1301 cm-1 in PANI/ZTO corresponds to the C-N stretching of the benzenoid unit is due 

to the shifting of a peak originally at 1250 cm-1 in neat PANI. The peak at 1250 cm-1 may 

be assigned to the Ti-N bond in nanocomposite [282,286]. 
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Table 5.2 Assignment to the major peaks in FTIR of the PANI, ZTO, and 

PANI/ZTO nanocomposite. 

S.No Peaks position Assignment to the functional groups 

1 3653 cm-1 “Free” O-H 

2 2980 cm-1 and 2883 cm-1 N-H stretching vibration of the amine groups 

3 1550 cm-1 and 1473 cm-1 C-C and C=C stretching vibration of quinonoid 

and benzenoid ring respectively 

4 1388 cm-1 N-H bending vibration of the benzenoid ring 

5 1250 cm-1 C-N stretching mode of the benzenoid unit and 

Ti-N bond 

6 1149 cm-1 N=Q=N unit (where Q denotes the quinonoid 

unit) 

7 1068 cm-1 Stretching mode of Q-NH+B 

8 858 cm-1, 955 cm-1, and 

790 cm-1 

Deformation of aromatic C-H out of the plane 

in 1,2,4-trisubstituted and 1,4-disubstituted 

benzene ring respectively 

9 537 cm-1 and 547 cm-1 Ti-O and Zn-O in ZTO 

 

The comparison of the relative positions of the FT-IR peaks and their shifts thus supports 

the physical picture of the process as proposed earlier based upon the XRD data. The 

polyaniline molecules are responsible for adsorption, and polymerization in the presence 

of ZTO particles disrupts their crystallization and causes them to adhere to the ZTO 

surfaces.  
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5.4.4 X-Ray photoelectron spectroscopy analysis 

. In this work, analyzing the XPS spectra from C1s,  N1s, and Ti2p electrons help us 

gain an understanding of the origin of the significant enhancement in the adsorption of 

the CR dye in PANI/ZTO composites as compared to that in PANI and ZTO separately. 

The XPS spectra of the C1s, N1s, and Ti2p are presented in Figure 5.5 and Figure 5.6. 

The peak positions and the area fractions of the various deconvoluted peaks, and the 

chemical environments pertaining to the orbitals responsible for producing these peaks 

are listed in Table 5.3. The overall ratio of carbon to nitrogen in polyaniline samples is 

found to be nearly 5:1 which is close to the ratio of 6:1 expected for polyaniline [331]. 

The small variation may be attributed to a higher cross-section of photo-electron 

generation in nitrogen as compared to carbon [331]. This ratio reduces to a value of nearly 

3.5:1 in PANI-ZTO composite powders. We suspect that the reduction in the ratio that 

signals a higher fraction of nitrogen is caused by the presence of nitrogen atoms 

incorporated into the ZTO matrix during the calcination step performed under ambient 

conditions. 

A comparison of the total areas under the XPS peaks from C1s, N1s, and Ti2p levels 

shows that the signal strengths from C1s and N1s increase in PANI/ZTO composites as 

compared to PANI, whereas the signal strength from Ti2p in the composite decreases as 

compared to that in ZTO. This suggests that in the composite samples, the polyaniline 

chains are better exposed so that the interaction of X-rays with the carbon and nitrogen 

atoms is increased. This, in turn, suggests that the polyaniline molecules which aggregate 

and form crystalline particles in absence of ZTO, tend to anchor on the ZTO surfaces in 

molecular form when polymerized in presence of ZTO particles. Exposure of a relatively 

larger number of carbon and nitrogen atoms to X-rays, when adsorbed on to the ZTO 
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surfaces as compared to that when present in crystalline particulate form, may lead to an 

enhanced signal strength of C1s and N1s signals in PANI-ZTO composites. The Ti2p 

signal gets reduced as Ti centers become sub-surface species and are less accessible to X-

rays due to the presence of a layer of anchored chains on the ZTO surface. Hence these 

data suggest that the polyaniline has adhered to the ZTO surface. In what follows, we 

present an analysis of the deconvoluted peaks which also confirms this conclusion. 

Examining the deconvoluted peaks in terms of their peak positions and area fractions 

show that in polyaniline the N1s peaks can be deconvoluted into four component peaks, 

and reveal the presence of four kinds of chemical environment the nitrogen atoms can 

experience. These belong to nitrogen on imine (-N=), amine (-NH-), protonated imine (-

NH+=), and semiquinone cation radical (–N*+H-) units [332]. The imine nitrogen is easily 

protonated and yields protonated imine and semiquinone cation radicals. In our samples, 

we ascribe peaks corresponding to these four species respectively at the biding energies 

of 398.77 eV, 399.5 eV, 400.40 eV, and 401.63 eV in polyaniline samples. These peaks 

show a blue shift to the binding energies of 398.94 eV, 399.82 eV, 400.94 eV, and 402.48 

eV in PANI/ZTO composite samples. Li et al. have observed a red-shift in these peaks in 

polyaniline composited with titania [333]. The blue shift is attributed to the binding of 

the nitrogen atoms to the Ti4+ ions present in the ZTO crystals. The binding may be 

affected by the partial sharing of the nitrogen lone pair with the titanium ions which will 

lead to the development of additional small positive charge on the protonated nitrogen 

ions thereby increasing the binding energy of the 1s electrons of nitrogen. 
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Figure 5.5. Deconvoluted XPS peaks of (a) C 1s PANI, (b) N 1s PANI, and (c) Ti 2p 

ZTO. 

Although all the nitrogen peaks show a blue shift, the highest blue shift is observed in the 

semiquinone cation free radicals and protonated imine peaks, suggesting that these form 

the predominantly adsorbed species. The area fraction of amine nitrogen is relatively 

unaltered whereas the imine nitrogen signal is enhanced with an accompanying decrease 

in the signals from the two protonated units. Thus polyaniline in the composite samples 

undergoes a reduced protonation. Formation of the Ti-N bond, also suggested from FT-

IR peaks at 1080 and 1250 cm-1 will lead to loosening of the N-H bond, thereby making 

the adsorbed chains less susceptible to protonation [282]. As a result, the formation of the 

salt form is suppressed and leads to a reduction in N+ signals resulting from the 

protonation of imine nitrogen. 

Analysis of Ti2p spectra in PANI/ZTO and ZTO samples as shown in Figure 5.6c and 

Figure 5.5c and with details listed in Table 5.3. Titanium signal could be deconvoluted in  
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Table 5.3 Assignment to the XPS peaks of C, N, and Ti in PANI, ZTO, and 

PANI/ZTO nanocomposite. 

S.No Element PANI ZTO PANI/ZTO 

B.E (eV) % 

Area 

B.E (eV) % 

Area 

B.E(eV) % 

Area 

1 C 1s 
284.73 

(C-C or C-H)  

46.29   284.84  39.66  

285.96 

(C-N or C=N)  

44.72  285.92  43.99  

288.32 

(C-N+ or C=N+)  

8.97  287.64  16.34  

2 N 1s 398.77 (=N-)  14.33   398.94  21.04  

399.50 (-NH-)  30.58  399.82  29.83  

400.40 (-N+H-) 31.81  400.94  29.43  

401.63 (-NH+•-)  23.26  402.48  19.67  

3 Ti 2p  458.24 

(Ti+4 2p3/2) 

60.17 458.05 52.82 

460.17 

(Ti+3 2p3/2) 

11.69 459.97 11.31 

463.21 

(Ti+3  2p1/2) 

3.70 462.67 3.37 

464.06 

(Ti+4  2p1/2) 

24.47 463.93 32.48 
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four constituent Gaussian-shaped peaks from Ti4+2p3/2, Ti4+2p1/2, Ti3+2p3/2, and Ti3+2p1/2 

with peak positions respectively at the binding energy values of 458.24 eV, 460.17 eV, 

463.21 eV, and 464.06 eV in ZTO samples suggesting the presence of 4+ and 3+ 

oxidation states of Ti [293]. However, a comparison of the area fractions of the 

constituent peaks suggests that the 4+ state is the predominant state. Whereas a blue shift 

is observed in nitrogen 1s peaks owing to the development of small positive charge arising 

due to sharing of lone pair as discussed earlier, a redshift is observed in all the Ti2p peaks 

in PANI/ZTO composite samples as compared to the ZTO samples. The redshifts in the 

Ti2p peaks can be attributed to the complementary reduction in the positive charge on 

Ti4+ caused by the lone pair sharing. Kim et al. have ascribed the shift in Ti4+ XPS peak 

near 458 eV of binding energy to the binding of Ti4+ with the nitrogen of –NH2 [334]. 

However, binding with Ti3+ can also be not ruled out since the XPS signal from our 

samples show the presence of a small fraction of Ti3+. Authors have suggested that Ti3+ 

may form during calcination and have proposed a mechanism of formation of Ti3+ [294]. 

DFT calculations by Koch and Manzhos have also suggested that titanium may be present 

in the Ti3+ oxidation state [293]. 

The XPS spectra of PANI/ZTO show the prominent splitting of Zn 2p spectra into two 

peaks centered at 1021.04 eV and 1043.90 eV corresponding respectively to 2p3/2 and 

2p1/2 respectively, indicating the +2 oxidation state of Zn into ZTO [295]. It is noticed 

that the binding energy of Zn in PANI/ZTO nanocomposite is the same as in ZTO. 

Therefore, PANI in our samples has interacted with ZTO through nitrogen-titanium 

interaction only while the Zinc atoms have not participated directly in PANI/ZTO 

nanocomposite formation. 
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Figure 5.6. The XPS spectra of (a) C 1s PANI/ZTO, (b) N 1s PANI/ZTO, and (c) Ti 

2p PANI/ZTO. 

5.4.5 Field Emission Scanning Electron Microscopy analysis 

The surface morphology of the samples has been analyzed by FESEM. Figure 5.7 

represents the FESEM images of the three samples (a) PANI, (b) ZTO, and (c) PANI/ZTO 

nanocomposite at two different magnification 20000X and 100000X respectively. The 

micrograph of pristine PANI in Figure 5.7a and Figure 5.7d reveals that the pristine PANI 

is highly agglomerated and its particles are well interconnected to each other which 

suggested that they have enough binding energy to interconnect with neighbour 

molecules [319]. Figure 5.7b and Figure 5.7e depicts the ZTO nanoparticles, those are 

uniform in size and randomly distributed all over the surface. The surface morphology of 

PANI/ZTO nanocomposite has been investigated as shown in Figure 5.7c and Figure 5.7f. 

Figure 5.7 and Figure 5.7 infer that the ZTO nanoparticles are embedded into the PANI 

matrix or it can be stated that the PANI has been coated over the ZTO surface as most of 

the ZTO nanoparticles are appeared to be shielded by PANI. Thus it is concluded that 
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PANI has been coated onto ZTO nanoparticles and assists them to interconnect with each 

other. 

 

Figure 5.7. FESEM images of (a&d) PANI, (b&e) ZTO, and (c&f) PANI/ZTO 

nanocomposite at 20000x and 100000x magnification respectively. 

5.5 Adsorption study 

5.5.1 Kinetics of adsorption 

In this work, we report the adsorption behavior of PANI/ZTO nanocomposites for 

CR dye, in comparison with adsorption in the presence of polyaniline and ZTO separately. 

The adsorption behavior is quantified using UV-Visible spectroscopy monitoring the 

absorption peak of the dye. The vials of CR solutions after treating them with ZTO 

powder, PANI powder, and PANI/ZTO composite are shown in Figure 5.8.  

It was observed that when CR dye was brought in contact with the aqueous suspension of 

PANI powder, there was a shift in the absorption peak and that the adsorption was 

moderate (around 50%) as represented in Figure 5.9a. A color change in the solution was 

observed suggesting that the medium was acidic. The acidity in the medium is attributed 

to the PANI present in the polyaniline hydrogen sulfate (PHS) form [326]. This form 

results from the synthesis protocol of aniline polymerization carried out in the presence 

of H2SO4. The release of the protons from PHS makes the solution acidic. The adsorption 

(a) (b) (c)

(f)(e)(d)

(5 μm) (5 μm)(5 μm)

(1 μm) (1 μm)(1 μm)
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of the dye in the presence of ZTO was very low (nearly 15%). However, the composites 

showed a 98% adsorption and the adsorption rate was also found significantly higher 

compared to the other two cases. 

 

Figure 5.8. The colour of CR solution after treatment with PANI, ZTO, and 

PANI/ZTO nanocomposite. 

 Analysis of all characterization data suggests the following picture (see Figure 

5.10) as to the dramatic increase in the adsorption of CR dyes in presence of PANI/ZTO 

composite: When aniline monomers are polymerized in presence of ZTO particles, the 

aggregation and crystallization of the polymer chains are suppressed and the chains are 

instead adsorbed in the molecular form on to the ZTO particles. Owing to the presence of 

adsorbed polyaniline chain in the composite materials, their accessibility to the CR 

molecules is significantly enhanced, and as a result, the interaction of CR molecules with 

the polyaniline is more efficiently utilized towards adsorption of the CR dyes in the 

composites. 
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The adsorption of CR has been examined with three adsorbents PANI, ZTO, and 

PANI/ZTO. The adsorption kinetics have been represented for three adsorbents PANI, 

ZTO, and PANI/ZTO in Figure 5.9a-c respectively. The characteristic absorbance peak 

of CR appears at 343 nm and 498 nm corresponds to π-π* transition and n-π* transition 

respectively [335]. Here adsorption of CR dye is examined by monitoring the intensity of 

peak at 498 nm. On the addition of the PANI into the CR aqueous solution, this peak 

shifts to 564 nm which is due to the acidic nature of the solution [336]. In the acidic 

medium, the CR dissociates into its ionic form due to which the color of solution changes 

from red to green [337]. Thereafter, the anionic group (-SO3) of CR could lead to the 

chemical interaction with the positively charged backbone of PANI (as has been observed 

in adsorption of orange-G dye on polyaniline [337]) thereby leading to results into the 

adsorption of CR onto PANI and causing the reduction in the peak intensity. It has been 

found that pure PANI could not adsorb all the CR dye molecules and the adsorption 

equilibrium is achieved after 90 min as shown in Figure 5.9. Figure 5.9b shows negligible 

adsorption of CR on ZTO and hence establishes that ZTO is not responsible for adsorption 

in the composite. The result in Figure 5.9c shows that PANI/ZTO nanocomposite acts as 

an excellent adsorbent material with rapidly adsorbing the 95% of 50 ppm of CR dye 

within 15 min. The amount of the adsorbent used in the three cases were the same as 

discussed earlier, this dramatic enhancement in the adsorption rate can be due to the PANI 

molecules which are better distributed in the medium by tethering to the surface of the 

suspended ZTO particles. 
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Figure 5.9. UV-Vis adsorption kinetics of 50 ppm aqueous solution of CR onto (a) 

PANI, (b) ZTO, and (c) PANI/ZTO nanocomposite. 

Dye concentration is calculated from the UV-Vis absorbance using Beer-Lambert’s law 

and the Qt, the adsorption capacity at time t as defined in equation (5-1), is plotted against 

time to analyze the kinetics of adsorption. Further, the adsorption kinetics have been 

examined for different dye concentrations (50 ppm, 75 ppm, 100 ppm, and 150 ppm) at 

RT. 



135 

 

 

Figure 5.10. A cartoon depicting the proposed scheme for adsorption explaining the 

dramatic enhancement of adsorption in polyaniline-nanoparticle composites. ZTO 

nanoparticles adsorb poorly (a). The adsorption sites which chiefly reside on the 

polyaniline chains, are accessible to dyes only at the surface in neat polymer 

suspensions, leaving the subsurface chains unutilized (b). This limitation is 

overcome in nanocomposites due to chains adhering to the nanoparticle surfaces (c) 

and opening up for adsorption. 

Figure 5.11a shows the adsorption equilibrium (saturation coverage) for different values 

of the initial dye concentration. The data could be fitted to the following second-order 

kinetics Equation (5-2) [338]. 

𝒕

𝑸𝒕
=

𝟏

𝒌𝟐𝑸𝒆
𝟐

+
𝒕

𝑸𝒆
 (5-2) 

where Qt is the coverage (mg/g) at time t (sec), and k2 is the pseudo-second-order rate 

constant in g.sec-1/mg. The values of Qe and k2 are calculated from the linear fitting 

between t/Qt versus t as shown in Figure 5.11b. The value of equilibrium adsorption (Qe) 

can also be calculated directly from the kinetics data in Figure 5.11b. The values of 

equilibrium adsorption (Qe) are approximately the same when calculated by Equation 

(5-1) (named Qe (Exp)) and by Equation (5-2) (named Qe (cal)) as given in Table 5.4. 
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Figure 5.11. (a) Adsorption Qt versus t for four different dye concentrations by PANI 

and PANI/ZTO, and (b) Pseudo-second order plots of t/Qt versus time t for the 

adsorption of the CR onto PANI/ZTO nanocomposite. 

 

Table 5.4. Kinetic parameters of the pseudo-second-order adsorption kinetic model 

for CR onto PANI/ZTO nanocomposite. 

Concentration 
k2 (g.sec-1/mg) 

Qe (Cal) 

(mg/g) 

Qe (Exp) 

(mg/g) 

50 ppm 0.000509 24.6426 24.3578 

75 ppm 0.000144 37.2300 36.5384 

100 ppm 0.000018 50.5561 47.0446 

150 ppm 0.000019 64.0204 60.7616 

 

The value of equilibrium adsorption Qe increases whereas the rate constant decreases as 

the initial concentration of the dye increases. The saturation coverage increases because 

higher initial dye concentration affords extra driving force to overcome the mass transfer 

resistance of the dye molecules between the liquid phase and the solid phase, whereas the 

rate constant (k2) decreases because of the strike hindrance of the dye molecules at higher 

concentrations [339]. 



137 

 

5.5.2  Mechanism of CR adsorption onto PANI/ZTO nanocomposite 

The experimentally observed overall adsorption kinetics of dyes from their aqueous 

solutions over solid adsorbent is governed by the following three steps that includes 

transport of the adsorbate molecules and actual adsorption at the active sites: (a) In film 

diffusion, the adsorbate transports to the exterior surface of the adsorbent particles 

through a liquid film region; (b) In intra-particle diffusion, the transportation of the 

adsorbate occurs from the exterior surface of the particles to the pores of the adsorbent; 

and (c) Adsorption over active sites occurs as the last step [312]. The third step does not 

contribute to the rate-controlling step because this corresponds to the equilibrium stage 

where no dye molecules are left for the adsorption [312]. This may happen due to the 

reversible process with fast kinetics. During the remaining two processes which are 

diffusive in nature, coverage is directly proportional to t1/2, and can be modeled by the 

following Equation (5-3) [312,340]. 

𝑸𝒕 = 𝒌𝒊𝒕
𝟏/𝟐 + 𝑪 (5-3) 

where ki (mg.sec-1/2/g) denotes intra-particle diffusion rate constant and C (mg. g-1) is the 

constant related to the boundary layer effect [341]. Dependence of Qt on t1/2 shown in 

Figure 5.12 clearly establishes multilinearity in the curves in all the cases and the three 

linear regions can be identified from the fitting of Equation (5-3). The first (earliest) linear 

region corresponds to the film diffusion in which the CR particles diffuse over the 

external surface of the PANI/ZTO through the liquid film and form layers onto the surface 

of the adsorbent. The second linear region is ascribed for the intra-particle diffusion where 

the CR dye molecules diffuse to the exterior or interior pores of the PANI/ZTO. The third 

(latest) linear region is assigned for the adsorption of the CR dye onto active sides of the 

adsorbent where very few CR dye molecules left into the aqueous solution corresponds 

to the almost equilibrium stage. Due to a lack of concentration data during the first fifteen 
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minutes (which includes film diffusion regime), the first two points in Figure 5.12a-d are 

joined by a dashed line. Therefore the slope of the coverage vs t1/2 curves in Figure 5.12 

during the initial time corresponding to the film diffusion is definitely larger than the 

dashed lines shown in Figure 5.12. The dashed lines represent the lower bound on the 

diffusion coefficient of the film diffusion process. The second region with a reduced slope 

pertains to intraparticle diffusion wherein dye molecules diffuse into the particles. As is 

evident from Figure 5.12a-d, the duration of intraparticle diffusion is longer at higher dye 

concentrations. 

 

Figure 5.12. Intra-particle diffusion plots of adsorption capacity Qt versus t1/2 for the 

adsorption of CR onto PANI/ZTO for different concentrations (a) 50 ppm, (b) 75 

ppm, (c) 100 ppm and (d) 150 ppm. 

 

This is consistent with the previously noted conclusion that larger strike hindrance at 
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higher crowding, while the dye molecules diffuse inside the pores of the adsorbent 

particles, slows down the net adsorption process. A comparison of the plot of Qt vs t1/2  

plots with PANI and PANI/ZTO chosen as adsorbent materials for 50 ppm dye 

concentration is presented in Figure 5.13. Figure 5.13 clearly shows that the diffusion 

coefficient determining the intraparticle diffusion is larger and saturation occurs much 

early on in nanocomposite samples. This suggests that in the nanocomposite samples, the 

crowding of the dye molecules which impedes the net rate of adsorption is significantly 

reduced. This may be attributed to our early conclusion that the pure polyaniline 

adsorbent material is mostly semicrystalline in nature with denser packing of the 

polyaniline molecules, whereas in the composites the chains are distributed on the oxide 

particle surfaces with a considerable reduced degree of packing. Therefore the composites 

offer less crowded pathways for the diffusion of the dye molecules which yields the 

behavior observed in Figure 5.13. 

 

Figure 5.13. Comparison of Intra-particle diffusion model of 50 ppm CR adsorption 

by (a) PANI, and (b) PANI/ZTO. 

It is evident from Figure 5.13 that the film diffusion is faster than the intraparticle 

diffusion in all cases, and among the two diffusive processes, the intraparticle diffusion 

is relatively slower and will determine effective kinetics of adsorption.  
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5.5.3 Adsorption Isotherms 

In the foregoing section, we analyzed the kinetic aspects of the adsorption process. In 

this section, we will do the same for the equilibrium aspects by applying the Langmuir 

isotherms and Dubinin-Radushkevich (D-R) isotherms models to the adsorption data. The 

Langmuir isotherms model is given by the following Equation (5-4) [342,343]. 

𝑪𝒆

𝑸𝒆
=

𝟏

𝒃𝑸𝒎
+

𝑪𝒆

𝑸𝒎
 (5-4) 

where Ce (mg/L) and is the equilibrium concentration of the dye molecules in the solution 

after achieving equilibrium. Qe (mg/g) is the equilibrium adsorption capacity of the 

adsorbent at equilibrium. Qm (mg/g) is the maximum coverage and b (L/mg) is the 

Langmuir constant signifying the strength of adsorption which is determined by the 

energy of adsorption [26]. The adsorption data has been well-fitted to the Langmuir model 

as depicted in Figure 5.14a suggesting adsorption proceeds in monolayer form, with 

active sites homogeneously distributed on the surface. The corresponding fitting 

parameters are presented in Table 5.5. (Fitting the adsorption data to the Freundlich model 

gave a much smaller value of R2).  

 

Figure 5.14. Plot confirming the (a) Langmuir model of adsorption, and (b) D-R 

model. 
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The value of Qm, the monolayer adsorption capacity, extracted from fitting the Langmuir 

model can be used to estimate the specific surface area also by using the following 

Equation (5-5) for the surface coverage (Sc) [316]. 

𝑺𝒄 =
𝟔. 𝟎𝟐𝟑𝟏𝟎𝟐𝟑 𝑨𝒎 𝑸𝒎

𝑴. 𝑾.
 (5-5) 

Here, Sc (m2/g) is the total surface coverage, Am (m2) is the molecular surface area of CR, 

M.W. is for molecular weight (696.66 g/mol) of the CR dye. The value of Qm is obtained 

to be 64.51 mg/g (Table 5.5) and the size of the CR molecule is about 2.3 nm whereby 

the surface area is estimated to be around 6 nm2 [316]. Substituting these values in the 

above Equation (5-5), the total surface coverage is found to be around 300 m2/g. A high 

value of Sc is another reason why the nanocomposite shows excellent CR removal through 

adsorption. 

We next turn our attention to estimating the energy of adsorption using the D-R isotherm 

model. Equation (5-6) of the D-R model is given as follows [344,345]. 

𝐥𝐧𝑸𝒆 = 𝐥𝐧𝑸𝒎 − 𝑩𝜺𝟐 (5-6) 

Where, ɛ is the Polanyi potential related to the initial and equilibrium concentrations 

through the following Equation (5-7): 

𝜺 = 𝑹𝑻 𝐥𝐧
𝑪𝟎 − 𝑪𝒆

𝐂𝐞
 (5-7) 

And the mean energy of adsorption E can be extracted from B using the following 

Equation (5-8):  

𝑬 =
𝟏

√𝟐𝑩
 (5-8) 
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Figure 5.14b represents the D-R model fitting of adsorption data and the corresponding 

extracted parameters are listed in Table 5.5. 

Table 5.5. Isotherms parameters for the adsorption of CR onto PANI/ZTO 

nanocomposite. 

Model Parameters Values 

Langmuir model b (L/g) 0.503 

Qm (mg/g) 64.51 

R2 0.999 

Dubinin -

Radushkevich 

model 

 B (mol2/k2J2) 0.008212 

Qm (mg/g)  68.37 

E (kJ/mol) 7.80 

R2 0.989 

The extracted value of the mean free energy of adsorption from the D-R model is 7.80 

kJ/mole, suggesting that adsorption is weak physisorption [28,346]. Which is what we 

expect from our proposition that the dye molecules get adsorbed chiefly on to polyaniline 

molecules due to dipolar and π- π interactions. 

5.5.4 Thermodynamic of adsorption 

To understand in-depth of adsorption, the thermodynamic parameters associated with 

the inherent energy changes have been determined by van’t Hoff Equation (5-9) [347].  

𝑲𝒅 =
𝑪𝑨𝒆

𝑪𝒆
 (5-9) 

where Kd represents distribution coefficient and CAe = Co-Ce (mg/L) denotes the 

quantity of dye adsorbed per liter of the aqueous solution at equilibrium by the adsorbent. 

The changes in Gibbs free energy (∆G°) can be calculated by using Equation (5-10). 
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∆𝑮° = −𝑹𝑻 𝐥𝐧𝑲𝒅 (5-10) 

Where, T (K) represents temperature, R designates as gas constant (8.3145 J/mole.K). 

The changes in entropy (∆S°) and change in enthalpy (∆H°) can be determined by 

Equation (5-11). 

𝐥𝐧𝑲𝒅 =
∆𝑺°

𝑹
−

∆𝑯°

𝑹𝑻
 (5-11) 

The van’t Hoff equation fitting is shown in Figure 5.15, where slope and intercept of the 

linear fit to the data between ln Kd and T-1give the values of ∆S and ∆H. Table 5.6 

represents the calculated values of thermodynamic parameters in which the negative 

values of Gibbs free energy reveal the adsorption is favorable at the higher temperature.  

 

Figure 5.15. van't Hoff model fitting for CR adsorption by PANI/ZTO. 

 

Generally, ΔG° helps in determining the type of adsorption as physisorption (-20 to 0 

kJ/mol), physisorption with chemisorption (-20 to -80 kJ/mol) and chemisorption (-80 to 
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-400 kJ/mol) [348]. Therefore, the obtained value of ΔG° in the current research is 

between -9 to -3 kJ/mol which strongly in the favor of physisorption of CR onto 

PANI/ZTO nanocomposite. The ΔS° (185.69 J.mol-1.K-1) indicates the randomness at the 

solid-liquid interfaces during the adsorption. The randomness at the solid-liquid interface 

might be due to the selectivity of CR molecules from its aqueous solution by PANI/ZTO 

adsorbent. During the adsorption process, the CR molecules strongly attract by the 

PANI/ZTO adsorbent through various physical forces and simultaneously water have 

been repelled from the adsorbent surface due to which the randomness increases at the 

solid-liquid interface results into net entropy of the system increased. The typical number 

of the polyaniline monomers can be calculated from the striking entropy value 185.69 

J.mol-1.K-1. The total change in entropy can be expressed in terms of monomer numbers 

as ΔS° = NavkN. Where Nav is the Avogadro number (6.0231023 /mol), k is Boltzmann 

constant (1.3810-23 J/K) and N represents number of polyaniline monomers. The above 

equation turns out to be as ΔS° = RN where R (=kN) denotes gas constant. This equation 

gives a total number of N = 22 monomers in a polyaniline chain. This is also in agreement 

with the previously reported data [349]. This number can also be justified from XRD data 

as the XRD peaks in PANI/ZTO nanocomposite related to PANI has been disappeared 

which suggested that the addition of ZnTiO3 hinders the polymerization of PANI over its 

surface. This might be in result of short polymeric chains of less number of monomers.  

The enthalpy change ΔH° (45.58 kJ/mol) is positive which indicates the endothermic 

adsorption [350]. The endothermicity of the adsorption is also confirmed experimentally 

as the adsorption increases at a higher temperature [312]. The endothermicity of the 

reaction can be explained as follows. The glass transition temperature of the polyaniline 

has been reported between 30°C to 70°C in both polyaniline film and polyaniline (EB and 

ES) powder [351–353]. It is also reported that as the temperature of the polymer raises 
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near to its glass transition temperature then a liquid-like layer exists over the glassy film 

of polymer which ruling out the chain confinement and the size of the polymer chain 

divers [354]. This might increases the degree of freedom of the polyaniline chain due to 

which the randomness increases at the surface of the nanocomposite resulting in 

endothermic adsorption. Various driving forces are involved in the adsorption process 

and these can be identified with the help of the magnitude of ΔH° [341,355]. Therefore, 

it can be concluded from the ΔH° value that the adsorption is due to the electrostatic 

interaction, π-π interaction, hydrogen bond forces, and dipole-dipole interaction forces. 

The endothermicity of the adsorption suggests that the entropy of the adsorption increases 

over a higher temperature range (20°C to 60°C). This could be explained as the presence 

of short polymeric chains (in between 20 to 30) onto the ZnTiO3 surface in the 

nanocomposite. Despite having ΔH° > 0 as the temperature increases, the entropy of 

polymeric chains dominates resulting in the adsorption.  

Table 5.6. Thermodynamic parameters for the adsorption of CR onto PANI/ZTO 

nanocomposites. 

S.No. T ∆Gº ∆Hº ∆Sº 

Unit (K) (kJ×mol-1) (kJ×mol-1) (J×mol-1×K-1) 

1 293 -8.88 45.558 185.69 

2 303 -8.68   

3 313 -7.20   

4 323 -3.89   
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6 Chapter 6: Solvent effect in synthesizing bismuth ferrite for 

methylene blue adsorption 

6.1 Abstract 

 Herein, the synthesis and characterization of mixed-phase of BiFeO3 and 

Bi2Fe4O9 (represented as BFO) have been reported. Three different organic solvents 

Tetrahydrofuran (THF), N, N-dimethylformamide (DMF), and Dimethyl sulfoxide 

(DMS) have been used in the BFO synthesis process. The structural and morphological 

studies of the BFO have been examined. Further, the adsorption capacities of BFO 

synthesized in different organic solvents have been exposed. The BFO has been 

characterized by X-ray Diffraction (XRD), Fourier Transform Infrared (FTIR) 

spectroscopy, Field Emission Scanning Electron Microscopy (FESEM), Energy 

Dispersive X-ray Diffraction spectroscopy (EDX), X-ray Photoelectron Spectroscopy 

(XPS), Raman Spectroscopy, and Brunauer-Emmett-Teller (BET) analysis, etc. The 

interpretation of the kinetics, isotherms, and thermodynamics are also carried out of the 

adsorption of MB onto BFO nanoparticles which suggests that the adsorption process 

follows the pseudo-first-order rate kinetic equation and simultaneously thermodynamic 

parameter standard Gibbs energy (∆G˚) has been calculated. The negative values (-24.8 

kJ/mol to -16.8 kJ/mol) of standard Gibbs energy (∆G˚) favors the physisorption of MB 

onto BFO, which is also confirmed by the Dubinin – Radushkevich model as the energy 

of adsorption is obtained 10.29 kJ/mol. The adsorption data is fitted to Langmuir 

isotherms results in the adsorption process is physisorption as well as favorable. The 

adsorption of MB onto BFO was examined with various parameters such as the effect of 

pH, amount of dye loading, contact time, and temperature. 
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6.2 Introduction 

Organic solvents have their importance in the metal oxides synthesis process. The non-

aqueous sol-gel synthesis of metal oxides in organic solvents have their advantage over 

the aqueous sol-gel synthesis. The advantage of the organic components is due to their 

manifold role such as solvents, surfactants, organic ligands, etc. The organic solvents also 

act as the oxygen supplier in the metal oxides formation which strongly determines the 

particle shape, particle size, and surface properties of the particles because of their 

coordination properties [356]. The nature of the solvent is important for growing the 

particles and gives rise to its particular morphology if the other factors are constant [357]. 

The above properties of the particles are crucial in many applications such as dye 

treatment through photocatalysis and adsorption. 

BiFeO3 is a perovskite material having the rhombohedral structure of space group R3c 

[358]. It is a multiferroic material having an electric and magnetic ordering that exists 

simultaneously at room temperature. BiFeO3 shows outstanding performance due to its 

high Curie temperature ( Tc = 1100 ̊C) and G-type ferromagnetic ordering below the Neel 

temperature ( TN = 643 ̊C) [359]. BiFeO3 has its potential applications in many areas such 

as spintronics, memory devices, information storage, sensors, and magnetoelectronics,etc 

[360–362]. In addition to its multiferroic properties, the BiFeO3 shows fascinating 

physio-chemical properties such as photocatalysis due to its narrow bandgap (2.18 eV) 

and chemical stability [146,363]. Bi2Fe4O9 is another Bi-containing compound that is also 

widely used as a visible light photocatalyst due to its narrow double bandgap energy of 

1.53 eV and 2.01 eV [364]. Bi2Fe4O9 is obtained during the formation of BiFeO3 and 

adopted as a secondary phase or impurity in BiFeO3 materials [365]. In our work, we 

obtained a mixed phase of BiFeO3 and Bi2Fe4O9 and for convenience, we named BFO for 

the mixed phase of BiFeO3 and Bi2Fe4O9.  
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In the present study, we have synthesized BFO by a non-aqueous sol-gel route in which 

three different organic solvents tetrahydrofuran (THF), N, N-dimethylformamide (DMF), 

and dimethyl sulfoxide (DMS) have been used. We have observed ample adsorption of 

methylene blue before examine visible-light photocatalytic activity by BFO. The 

adsorption of MB is also varied with the BFO prepared in different solvents. We found 

that the maximum adsorption occurs by BFO prepared in DMS while the least adsorption 

is by BFO prepared in DMF. For further study, we have considered BFO to show 

maximum adsorption. Currently, the synthesis and characterization of the materials have 

been exposed and their application for the adsorption before the visible light 

photocatalysis is also investigated. Later in the separate study, we will discover the 

visible-light photocatalytic activity of BFO. 

Nowadays, dyes are the common materials in human life as these are applicable in the 

human’s basic needs such as textiles, paper, food, printing, pulp mills, dyestuffs, plastic, 

and lather, etc. and these have been a serious environmental problem for human beings 

and aquatic organism [366,367]. The production of dyes all over the world is a great deal 

and dyes are produced on a large scale. Therefore, the production of dyes becomes 

industrial environment pollutants before production and after their uses in various 

applications. The industrials waste dye effluents can form a thin layer over the surface of 

receiving water bodies which consequently decreases the amount of oxygen dissolved 

and limits the penetration of the light in the water thereby affecting the food source of the 

aquatic organism by affecting the photosynthesis process [9]. Undoubtedly, the eviction 

of the dyes from the wastewater is indispensable as the dyes are persistent in the water 

and these are considered as Xenobiotic. So far, various methods and technologies have 

been introduced for the removal of dyes from the wastewater including photocatalysis 

[71,309], chemical oxidation [310], ion exchange [308], membrane filtration,[305] ozone 
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treatment,[307] coagulation/ flocculation,[306] metal-organic framework [368], and 

adsorption [311,312]. Among them, the adsorption was well-founded due to its 

simplicity, easy to use, high efficiency, and easy availability of a wide range of adsorbents 

(e.g., clay, zeolites, polymers, biomass, activated carbon, and nanomaterials such as metal 

oxides) [312]. 

6.3 Experimental section 

6.3.1 Synthesis of Bismuth Ferrite Nanoparticles. 

 The nanoparticles of BFO were synthesized by a non-aqueous sol-gel route as 

represented in Figure 6.1. The Bismuth nitrate pentahydrate and ferric nitrate nonahydrate 

were taken in 1.2: 1 wt. %. The following three solvents were tested N, N-dimethyl 

formamide (DMF), tetrahydrofuran (THF), and dimethyl sulfoxide (DMS) for the 

synthesis of BFO. First, Bi (NO3)3.5H2O was mixed in 20 mL of solvent in each set of 

experiments respectively in 50 ml one neck round bottom flask at room temperature with 

constant stirring. The solution was found to be colorless. Immediately, Fe(NO3)3.9H2O 

was mixed in the solution followed by continuous stirring by a magnetic stirrer for 12 

hours at room temperature. Here are the observations during the mixing of 

Fe(NO3)3.9H2O in the above solution of Bi(NO3)3.5H2O and respective solvents. The 

final solution was brownish in color with solvents DMF and THF but the color of the 

final solution changed to be greenish with solvent DMS. The resultant solutions were 

found viscous, homogeneous, and stable. The resultant solution was sintered at 525 ˚C 

for 12 hours followed by the cooling till room temperature. The resultant was collected 

and grinding in a mortar pestle to make it a fine powder. The fine powder of BFO is 

appeared brownish. The fine powder was used to further study and these are named as 

given in Table 6.1 with their specifications. In the results and discussion part the “BFO” 

is written for DMS-B5 otherwise noted. 
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Figure 6.1. Synthesis process for bismuth ferrite in different solvents. 

Table 6.1: Nomenclature of the samples. 

 

6.4 Results and discussion 

6.4.1 X-ray diffractogram 

The XRD patterns in Figure 6.2 depict the crystal structure of the prepared samples. The 

main characteristic peaks are well-matched within each sample. XRD confirms the mixed 

phase of BiFeO3 and Bi2Fe4O9 in samples. The peaks in case of DMS-B5 obtained at 

31.68˚, 32.06˚, 39.46˚, 51.26˚, and 57.14˚ can be assigned to (012), (110), (021), (113), 

and (300) plane respectively of the rhombohedral structure of BiFeO3 which is well 

agreed with the JCPDS file 00-020-0169. While few of the peaks at 22.36˚, 35.67˚, and 

45.65˚ belongs to the XRD planes (200), (022), and (132) respectively of the 

orthorhombic structure of Bi2Fe4O9. The one most intense peak at 27.86° is close to the 

Samples Name 

BFO with DMSO  DMS-B5 

BFO with THF  THF-B5 

BFO with DMF  DMF-B5 
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most intense peak of Bi24Fe2O39 at 27.97° according to the JCPDS file 00-042-0201, but 

it is also close to the most intense peak of Bi2Fe4O9 at 28.20° according to the JCPDS file 

00-042-0201. In this present study of the sample DMS-B5, the most intense peak was 

found at 27.86° which we are proposed to assign for Bi2Fe4O9 rather than Bi24Fe2O39. The 

reason to assign this peak to Bi2Fe4O9 is described in the EDS section. The XRD patterns 

of THF-B5 and DMF-B5 are well-matched with the XRD pattern of DMS-B5 except for 

a few new peaks. The newly emerged peaks at 66.31°, 67.03°, 70.52°, 71.46°, and 75.81° 

can be ascribed for (060), (220), (015), (303), and (214) planes of the rhombohedral 

structure of BiFeO3 in DMF-B5 and THF-B5. Two major changes have been noticed in 

DMS-B5 as compared to DMF-B5 and THF-B5. One of them is the variation of the peaks 

intensity which may be due to the mass fraction of the samples under characterization. 

Secondary, most of the peak’s position in all three samples is the same irrespective of the 

peak in the range of 27°-28°. The XRD peaks positioned in this range at 27.37°, 27.70°, 

and 27.86° for DMF-B5, THF-B5, and DMS-B5 respectively. In order to get an 

explanation for this variation, we can fix the XRD peak at 27.37° of THF-B5 as the 

reference peaks for the other two samples because the solvent tetrahydrofuran (THF) is 

composed of carbon, hydrogen, and oxygen only no other elements such as nitrogen or 

sulphur is to present as in case of dimethyl sulfoxide (DMS) and dimethylformamide 

(DMF). Now, the variation in the peak position of DMS-B5 and DMF-B5 can understand 

as follows. Since the DMS-B5 sample was prepared in dimethyl sulfoxide solvent where 

the sulphur (S) is one of the elements. Therefore, it is a possibility of capturing the sulphur 

in the DMS-B5 sample lattice during the calcination process. As the atomic size of the 

sulphur is bigger than the oxygen so captured sulphur might produce the strain in the 

samples which might be the cause for the peak shifting in XRD pattern. The same concept 

could be applied to the DMF-B5 sample where nitrogen is the main source in the 
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dimethylformamide solvent. Therefore, the sample DMS-B5 and DMF-B5 may be doped 

with sulfur and nitrogen respectively attributing to the peak shift. 

 

Figure 6.2. XRD Pattern of BFO prepared with different solvent DMS, DMF, and 

THF (bottom to up). 

 

The crystallites size (d) is calculated by using the Debye-Scherrer Equation (3-1) for the 

peak at 22.4˚ for all the samples. The d calculates at 29.15 nm, 33.68 nm, and 38.87 nm 

for DMS-B5, THF-B5, and DMF-B5 respectively. 

6.4.2  Fourier Transform Infrared Spectroscopy analysis 

Figure 6.3 shows the FTIR spectra of the perovskite-type vibration in the mixed-phase of 

BiFeO3 and Bi2Fe4O9. The bands at around 3660 cm-1 in the DMS-B5 sample can be 

assigned to the O-H stretching of the intramolecular hydrogen bonds or hydroxyl ions 

[369]. The C-H stretching vibration can be identified at 2980 cm-1 to 2887 cm-1, which 

are common to all the samples [370]. Too many small sharp peaks obtained between 400 

cm-1 to 520 cm-1 could be attributed to the characteristic peaks of BFO as follow. The 
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FTIR bands in between 400 cm-1-410 cm-1, 410 cm-1 to 425 cm-1, and 425 cm-1 to 440 

cm-1 can be assigned to bending vibration of O-Fe-O, asymmetric stretching of Fe-O-Fe, 

and deformations of FeO6 octahedral respectively in BFO [371]. The FTIR bands at 452 

cm-1 and 547 cm-1 can be identified as the bending and stretching vibration of Fe-O bonds 

in FeO6 octahedral [372]. The vibrations corresponding to Bi-O bonds of BiO6 octahedral 

also detect in the range of 450 cm-1 to 500 cm-1 [371]. It is reported that the two different 

sites ( Fe1 and Fe2) are occupied by four Fe atoms in Bi2Fe4O9 [372]. Fe1 occupies a 

tetrahedral position and makes a FeO4 tetrahedral while Fe2 occupies an octahedral 

position and makes FeO6 octahedral. Therefore, both the tetrahedral FeO4 and octahedral 

FeO6 exist simultaneously in Bi2Fe4O9 [372]. The FTIR bands at 633 cm-1 and 692 cm-1 

are assigned to the stretching vibration of Fe-O bond of FeO4 tetrahedra which are the 

characteristic peaks of Bi2Fe4O9 [373]. The band at 583 cm-1 is assigned to the Fe-O-Fe 

bending vibration of the tetrahedron FeO4 pairs in Bi2Fe4O9 [374]. Thus these peaks are 

also in good agreement with XRD data which in the favor of the presence Bi2Fe4O9. A 

band at 1474 cm-1 common to all samples can be attributed to the presence of carbonates 

ions may be in the form of FeCO3 [372]. The common band located at 1388 cm-1 in all 

the samples is assigned to the existence of nitrate ions from the metal ions precursor[282]. 

The obtained FTIR patterns are not common in the range of 900 cm-1 to 1200 cm-1 for all 

three samples, this might be attributed to the used different solvents. 
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Figure 6.3 The FTIR spectra from (a) 4000 cm-1 to 1600 cm-1 and (b) 1600 cm-1 to 

400 cm-1 represents the chemical bonding of BFO prepared in different solvents.  

 

In the FTIR spectra of DMF-B5, two peaks at 814 cm-1 and 846 cm-1 can be assigned to 

the nitrate ions (NO3
-1) [375]. While the FTIR spectra of DMS-B5 in the range of 900 

cm-1 to 1200 cm-1 can be assigned to the sulfate ions, as the DMSO is a source of sulfur. 

The FTIR spectrum of the sample DMS-B5 consists of characteristic peaks at 1031 cm-1 

and 1090 cm-1, which can be assigned to the symmetrical vibration of SO4
2- while the 

bands at 961 cm-1 and 1146 cm-1 can be assigned to S-O and S=O in SO3
2- respectively 

[376]. However, the FTIR peaks in the same region at 961 cm-1, 1057 cm-1, and 1091 cm-

1 represent the C-O bond, and the band at 1151 cm-1 represents surface adsorbed NO3
-1 

[226,285,377]. These peaks are also noticed in THF-B5 samples. The FTIR spectrum of 

DMF-B5 does not show any peak in the range of 900 cm-1 to 1200 cm-1 but instead of 

that, the intensity of nitrate band at 1388 cm-1 is larger than the other two samples. This 

peak enhancement might be due to the addition of nitrogen through the DMF solvent.   

6.4.3 FESEM images and EDS analysis 

 Figure 6.4 represents the FESEM image analysis of the samples at the two 

different scales at 500 nm and 1 µm respectively. The FESEM images of DMS-B5 are 
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depicted in Figure 6.4a-b. It is interesting to find the nanorods over the surface. These 

nanorods are embedded onto the surface of DMS-B5 and their orientations are random in 

all directions.  

 

Figure 6.4: The FESEM images of (a) and (b)-DMS-B5 showing nanorods on the 

surface; (c) and (d)- DMF-B5 representing nanoparticles; (e) and (f)-THF-B5 

representing nanoflakes at two different scales 500 nm and 1 μm. 

 

The typical length of the nanorods is calculated from 100 nm to 300 nm while the 

diameter around 20 to 50 nm. The surface morphology of DMF-B5 is presented in Figure 

6.4c-d which shows the well-formation of BFO crystallites in a few nanometres ranges to 

hundreds of nanometre ranges. As can be observed from the micrograph, the BFO 

nanoparticles synthesized in DMF are aggregated. In contrast, the BFO prepared in THF 

shows the nanoflakes in the micrographs Figure 6.4(e)-(f), and these nanoflakes are also 

grown vertically on the surface. As observed, from micrograph Figure 6.4 that the BFO 

synthesized in different solvents DMSO, DMF, and THF show the different morphology 

which might be attributed to their different chemical nature which plays their vital role 

during the BFO synthesis. 
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The EDS is used to determine the elemental composition of synthesized samples. This 

technique is employed here to ascertain the presence of Bismuth (Bi), Iron (Fe), and 

Oxygen (O) in BFO. Figure 6.5a-c represents Bi, Fe, and O elements in DMS-B5, DMF-

B5, and THF-B5 samples respectively. In addition, at% and wt% of the respective 

elements are listed in Table 6.2. Table refers that the Bi:Fe ratio is 1:2, we claim here that 

our samples composed of Bi2Fe4O9, not Bi24Fe2O39.    

 

Figure 6.5. The Energy Disperse Spectrum of (a)-DMS-B5, (b)-DMF-B5, and (c)-

THF-B5 representing the presence of Bi, Fe, and O in all samples. 
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Table 6.2. Elemental analysis of DMS-B5, DMF-B5, and THF-B5. 

Sample Elements wt% at% 

DMS-B5 Bi 52.68 12.77 

Fe 27.72 25.14 

O 19.61 62.09 

DMF-B5 Bi 53.28 14.17 

Fe 30.86 30.71 

O 15.87 55.12 

THF-B5 Bi 58.18 16.60 

Fe 27.25 29.10 

O 14.57 54.30 

 

6.4.4 Raman Analysis 

 Raman spectroscopy is a valuable technique to provide a local electronic structure 

within the materials. The Raman spectra of all the samples have been recorded by a laser 

source of 532 nm and are represented in Figure 6.6. It is well known that the Bi atoms are 

low wavenumber modes active up to 167 cm-1 and the Fe atoms are the dominates in the 

modes between 152 cm-1 and 261 cm-1 meanwhile the modes above 262 cm-1 ascribed for 

the motion of the oxygen atoms [378]. Since the samples are composed of two distinct 

phases of BiFeO3 and Bi2Fe4O9, therefore the Raman spectra have contained the bands of 

two phases simultaneously. The BiFeO3 has a distorted perovskite structure, 

rhombohedral with space group R3c, and C3ν point group which contains a total of 13 

Raman active modes (4 A1 modes and 9 E modes) [379]. The Raman active modes with 

A1 and E can be recapitulated as in the irreducible representation Γ = 4A1 + 5A2+ 9E, 

however, A2 modes are Raman inactive for BiFeO3 while for Bi2Fe4O9, the irreducible 
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representation is formulated by  Γ = 12Ag + 12 B1g + 9 B2g + 9B3g [379]. The Raman 

modes of the local structure of the as-prepared samples are listed in Table 6.3. Raman 

bands for the DMS-B5 sample have been described as follows. The Raman band at 99 

cm-1 can be attributed to the Ag mode of Bi2Fe4O9 where the Bi atom vibrates in the xy 

plane [380]. The signal at 145 cm-1 can be assigned to the A1 mode of BiFeO3 [381]. In 

addition, the signal at 214 cm-1 can be attributed to the Ag mode of Fe1 atom which 

vibrates in the xy plane and the Raman band at 294 cm-1 can be assigned to the B3g mode 

of Fe2 atom vibrates along the y-direction in Bi2Fe4O9 [382].  

 

Figure 6.6: Raman Spectrum of BFO (a) DMS-B5, (b) DMF-B5, (c) THF-B5. 

The Raman bands at the higher Raman shift can be assigned to the oxygen vibration. 

Therefore, the Raman bands at 337 cm-1, 404 cm-1, 482 cm-1, 516 cm-1, 544 cm-1, 580 cm-

1, 662 cm-1, and 731 cm-1 can be assigned to the vibration of oxygen atoms positioned at 

the different location in Bi2Fe4O9 and BiFeO3 lattice [378]. The Raman signals at 337 cm-

1 and 731 cm-1 can be assigned to the Ag modes of oxygen atoms (O3) move along the xy 

direction while the band at 404 cm-1 can be assigned to the B3g mode of O3+O2 oxygen 
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atoms vibrates in the xy direction [382]. A shoulder at 544 cm-1 and a band at 662 cm-1 

can be assigned to the B1g modes of O4+O3 and O2+O4 oxygen atoms simultaneously in 

xy direction [382]. Few of the Raman bands are originated from the BiFeO3 crystal 

structure and these bands can be assigned for the various atoms vibration as follows. The 

Raman bands at 145 cm-1 and 516 cm-1 belong to A1 (LO), and A1 (TO) modes 

respectively [383–385]. The Raman peaks at 267 cm-1, 337 cm-1, 482 cm-1, and 517 cm-1 

are ascribed for the E(TO) modes of phonons [379,384–386]. The Raman band at 482 

cm-1 is common to all samples which might be attributed to the FeO6 octahedral of the 

BiFeO3 compound. With the other samples, as the positions of the peaks have been listed 

in Table 6.3 show the shift in the corresponding Raman peaks, and also the emergence 

and disappearance of the new peaks. With these, two major phenomena are also noticed 

as the change in peak intensity and peak broadening. These phenomena noticed in the 

Raman peaks can be understood on the behalf of the solvents used. Raman spectroscopy 

is a very sensitive technique and it is sensitive to atomic displacement. So, it can be 

proposed here as the BFO has been synthesized in the different solvents which they have 

their properties and atomic arrangement which directly affected the crystal structure and 

results in the different Raman spectrum. The Raman peaks broadening occur in the DMS-

B5 samples as compare to the others can be described as the degree of disorder in the 

DMS-B5 increased and some of the symmetry was destroyed might be due to sulphur 

insertion during calcination. This data also supported by the XRD and FTIR data. 
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Table 6.3. The identification and assignment of RAMAN peaks in all the samples. 

DMS-B5 DMF-B5 THF-B5 Mode Atomic motion Compound 

99 85 80 Ag Bi (xy plane) Bi2Fe4O9 

145 131 127 A1-1 Bi (z-direction) BiFeO3 

 163  A1-2 Fe (z-direction) BiFeO3 

214 212 222 Ag Fe1 (xy plane) Bi2Fe4O9 

267 270 277 E (TO) O (xy plane) BiFeO3 

294   B3g Fe2 (y-

direction) 

Bi2Fe4O9 

337 316 334/348 Ag O3 (xy) Bi2Fe4O9 

404  408 B3g O3 (z) + 

O2(xy) 

Bi2Fe4O9 

482 483 483 E (TO) O (xy plane) BiFeO3 

517 522 509 E (TO) O (xy plane) BiFeO3 

544  535 B1g O4(xy) + 

O3(xy) 

Bi2Fe4O9 

580      

662 680 626 B1g O4(xy) + 

O2(xy) 

Bi2Fe4O9 

  710    

729 738 731 Ag O4(xy) Bi2Fe4O9 

 

6.4.5 BET Surface area analysis 

The Brunauer-Emmett-Teller (BET) surface area measurement has been carried out via a 

multi-point BET method by using nitrogen adsorption and desorption. The isotherms of 
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the DMS-B5 and its pore size distribution can be seen in Figure 6.7. As can be observed 

from micrograph 5 that the DMS-B5 sample exhibits type (IV) adsorption-desorption 

isotherm accompanied by an H4-type hysteresis loop which shows the capillary 

condensation occurs in a mesoporous range of the pores at relatively high pressure (P/P0) 

[387]. The existence of type (IV) isotherm reveals the interaction of the DMS-B5 with 

the N2 and also it shows the interaction between the molecules in the condensed state. 

Figure 6.7a shows the initial monolayer and multilayer adsorption onto mesoporous walls 

in the relative pressure (P/P0) range 0-0.8 and then followed by the pore condensation at 

a relatively high-pressure range 0.8-1.0. The capillary condensation infers the existence 

of canonical and cylindrical mesoporous over the surface of DMS-B5. At pressure 0.8-1, 

the hysteresis loop obtained of type H4 can be ascribed to the narrow slit-like pores due 

to large inter aggregated pores. 

 

Figure 6.7. (a) Nitrogen adsorption-desorption isotherm for DMS-B5 showing the 

surface area of 3.46 m2/g, and (b) pore size distribution of DMS-B5. 

The one important phenomenon that can be noticed in the desorption data that the 

monolayer desorption part is absent from Figure 6.7a only multilayer desorption data is 

present. This observation can be attributed to the monolayer adsorption of N2 onto the 

DMS-B5 surface during the experiment and the adsorbate and adsorbent interaction is 

strong enough which does not allow the monolayer desorption. Analysis of the adsorption 
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data with the BET method gives a surface area of 3.46 m2/g and a total BJH pore volume 

0.00568 cm3/g. The pore size distribution of DMS-B5 has been calculated by employing 

Barret-Joyner-Halender (BJH) desorption method and it is evident that the DMS-B5 

sample presents quite an extended pore size distribution range 2 nm to 9.2 nm as 

represented in Figure 6.7b. Thus, the pore size distribution suggests the mesoporosity in 

the sample and it is also very close to the edge of microporosity as well. The mesoporosity 

in the sample can be attributed to the aggregation of the BFO crystallites due to its 

magnetic nature. 

6.5 Adsorption study 

6.5.1 Adsorption experiments 

 The batch adsorption study of the MB onto BFO nanoparticles was carried out in 

a 250 mL beaker. Initially, adsorption by all the three samples DMS-B5, DMF-B5, and 

THF-B5 was examined for 100 ml of 7.5 ppm MB solution by the constant amount of 

150 mg of the adsorbent. The suspension was magnetically stirred at 800 rpm in the dark 

environment. 2 mL suspension was collected at a predetermined time interval and further 

centrifuged at 4000 rpm for 10 minutes to separate nanoparticles from the suspension. 

The supernatant was collected for recording the UV-Vis data. The characteristic peak of 

MB appears at 664 nm corresponding to n-π* transition and this peak has been monitored 

to calculate adsorption. Initially, the adsorption properties of BFO prepared with three 

different solvents have been studied onto a 7.5 ppm MB aqueous solution. Figure 6.8 

suggests that the maximum adsorption has been achieved by the DMS-B5.  
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Figure 6.8: UV-Vis analysis shows the maximum adsorption of 15 ppm aqueous 

solution (100 mL) of Methylene Blue by DMS-B5 (adsorbent amount: 150 mg). 

Simultaneously, we calculate the % of dye removal efficiency by the following Equation 

(6-1). 

%𝑹 =  [
𝑪𝟎 − 𝑪𝒕

𝑪𝟎
× 𝟏𝟎𝟎] % (6-1) 

Where, C0 represents initial dye concentration and Ct represents final dye concentration 

in an aqueous solution. Figure 6.9 interprets the dye removal efficiency of the BFO 

thereby the maximum removal efficiencies are calculated 96.54%, 51.63%, and 26.48% 

for DMS-B5, THF-B5, and DMF-B5 respectively corresponding to the equilibrium 

adsorption. We noticed that the BFO prepared in different solvents offers different 

adsorption. It is quite interesting to tune the adsorption properties of the materials by just 

changing the solvent during the synthesis process. Appreciating the maximum adsorption 

of MB by the DMS-B5 sample, we further continued the batch adsorption experiments 

with the DMS-B5 sample only. Now, the effect of different parameters such as dye 
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loading, pH of the solution, and temperature has been investigated. The adsorption 

mechanism has been studied over a pH scale from 1 to 13. The pH of the aqueous solution 

of MB has been adjusted by adding HCl and NaOH. In Figure 6.10a-d, the abbreviate use 

as the first letter “D” means the reaction was carried out in dark and the numerical values 

denote the time in minutes. 

 

 

Figure 6.9: Diagram represents the percentage of removal efficiency of MB (15 ppm) 

from aqueous solution (100 mL) by BFO prepared in different solvents. 

6.5.2 Amount of MB loading 

 The adsorption kinetics have been studied over the four different dye 

concentrations 4.5 ppm, 7.5 ppm, 15.2 ppm, and 22.8 ppm for the time 120 minutes as 

shown in Figure 6.10. 
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Figure 6.10. Time-based adsorption kinetics of MB adsorption at different 

concentrations (a) 4.5 ppm, (b) 7.5 ppm, (c) 15 ppm, and (d) 22.5 ppm, by DMS-B5. 

 

Figure 6.10 infers that the adsorption decreases with the increase in dye concentration. 

This might be due to the strike hindrance of the dye molecules at the higher concentration. 

The % of dye removal efficiency is calculated for the respective dye concentrations as 

represented in Figure 6.11 where the dye removal efficiency for the 4.5 and 7.5 ppm is 

almost constant at 96.6 %. Meanwhile, for the two higher concentrations 15 ppm and 22.5 

ppm, the % removal efficiency has been decreased sharply at 54.26 % and 26.4 % 

respectively. This can be attributed as with the agitation at lower dye concentration, the 

mass transfer coefficient increases which results in fast adsorption. However, attaining 

equilibrium adsorption is delayed with higher dye concentration.  
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Figure 6.11. Graph represents that the higher dye loading (in 100 mL volume) 

decreases the adsorption by DMS-B5 (150 mg). 

 

6.5.3 Effect of pH 

 The 7.5 ppm MB adsorption has been examined at different pH values. The pH of 

the solution alters the surface charge of adsorbent, ionized the pollutants in their aqueous 

solution media, can dissociate functional groups, and also have the ability to change the 

structure of the pollutants [28]. The influence of pH on the removal of MB from its 

aqueous solution by DMS-B5 nanoparticles has been investigated for further adsorption 

process. The adsorption and removal efficiency of MB by DMS-B5 nanoparticles have 

exaggerated in Figure 6.12a over the pH range 1 to 14. The pH of the system exerts a 

deep influence on the uptake of adsorbate perhaps due to its impact on the surface 

properties of the adsorbate and adsorbent molecules. The absorbance data have repeated 

and here two times data named Run-1 and Run-2 are shown in Figure 6.12a. 

  



168 

 

 

Figure 6.12. (a) Percentage of removal efficiency at different pH values, and (b) pH 

of MB aqueous solution before adsorption (pHi) and after adsorption (pHf) 

treatment. 

 

Nearly 100% dye removes at pH-1 and pH-2 as represented in Figure 6.12a. It is noticed 

that the MB degradation efficiencies rapidly reduce to around 28.36% and 15.64% at pH-

4.3 and pH-6 respectively. Surprisingly, the degradation efficiencies jumped abruptly till 

96.54% at natural pH-7 and slightly decreases to 91.59% at pH-9.5. Further in a highly 

basic medium, again the degradation efficiencies abruptly decreased to 11% as illustrated. 

Thus, the dye uptake is found to be pH-dependent. Table 6.4 summarizes the initial pH 

before adsorption and final pH values after adsorption of the MB aqueous solution. 

Table 6.4. The pH of MB aqueous solution before and after adsorption process. 

pHi 1 2.50 4.3 6 7 9.5 11 12.30 

pHf 1.10 2.86 6.75 6.70 7.24 7.53 10.20 11.80 

∆pH -0.10 -0.36 -2.45 -0.70 -0.24 1.97 +0.80 +0.50 

 

The value of the zero point charge (pHzpc) is calculated to be 5.10 from the intersection 

of the point between the initial pH curve and the final pH curve as shown in Figure 6.12b. 

At solution pH < pHzpc, the BFO surface may acquire a positive charge while at solution 
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pH > pHzpc, the BFO surface may get a negative charge [312]. The MB is a cationic dye 

and we found maximum adsorption in a highly acidic medium (pH-1 to pH-3). This is 

doubtful to us why the cationic MB gets highly adsorbed in the acidic medium where the 

surface charge of BFO may be positive from the zero point charge calculation. So the 

possibility of electrostatic attraction may be omitted here. But, the high adsorption can 

suggest the involvement of the other factors such as hydrogen bonding and perhaps 

coordination bonding effect because nitrogen in MB has a high tendency to make 

coordination bonding with iron. While in the range of pH 4 to 6 nearby the pHzpc value, 

the adsorption decreases sharply to 20% and 15% approximately respectively. This can 

be attributed to the repulsion between the positive charge of the BFO surface and the 

cationic nature of MB. However, low adsorption may be due to physical attraction such 

as hydrogen bonding and coordination bonding. It is interesting to observe the dramatic 

improvement of MB adsorption around 95% and 90% approximately at pH 7 and pH 9.5 

respectively. This can be explained as at pH greater then pHzpc (5.10), the BFO surface 

acquires a negative charge and MB is cationic therefore electrostatic interaction is 

dominant here and leading to the higher adsorption. But, negligible MB adsorption results 

in a highly basic medium (pH-11 to pH-12.30). A high basic medium leads to the 

enhancement of –OH ions in solution which further competing with the MB molecules 

thereby adsorption will be dramatically decreased.  

6.5.4 Adsorption Kinetics 

The adsorption (Qt) of dye at the time (t) is calculated by Equation (5-1). The calculated 

adsorption (Qt) values for the different concentrations are shown in Figure 6.13 and the 

corresponding equilibrium adsorption (Qe) is also calculated for each concentration. The 

Qe is defined at the equilibrium concentration where no more dye molecules are left for 

the adsorption or system reaches equilibrium adsorption. The Qe for 4.5 ppm and 7.5 ppm 



170 

 

dye concentration can be calculated directly from Figure 6.13. However, Qe is difficult to 

find for higher concentrations due to the slow adsorption process and limited adsorption 

data. But Qe can be calculated by a modified pseudo-first-order rate Equation (6-2). 

𝑸𝒕 = 𝑸𝒆 [𝟏 −  𝒆𝒙𝒑 (
−𝒌𝟏𝒕

𝟐. 𝟑𝟎𝟑
)] (6-2) 

Where, k1 represents the pseudo-first-order rate constant in sec-1. The obtained values of 

Qe and k1 are listed in Table 6.5 [312]. 

Table 6.5. Adsorption parameters are calculated from the pseudo-first-order 

equation. 

Initial 

Concentration 

Qe (mol/kg) k1 (1/sec) R2 

4.5 ppm 0.00446 0.00462 0.999 

7.6 ppm 0.00685 0.00184 0.994 

15.2 ppm 0.00776 0.000789 0.993 

22.8 ppm 0.00965 0.000211 0.997 
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Figure 6.13. Fitting of pseudo-first-order equation for MB adsorption at different 

dye concentrations. 

The kinetic of the MB adsorption onto BFO is important which is derived by using the 

pseudo-second-order model as represented in Equation (5-2). The linear fitting of the data 

in a plot of Qt vs. t in Figure 6.14 gives the values of k2 and Qe. The value of Qe and k2 

are summarized in Table 6.6. 
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Figure 6.14: Pseudo second-order plots of t/Qt versus time t. 

Table 6.6. Adsorption parameters obtained from the modified pseudo-second-order 

equation. 

Initial Concentration (C0) Qe (mol/kg) k2 (1/sec) R2 

4.5 ppm 0.004531 2.15662 0.999 

7.6 ppm 0.007708 0.136183 0.998 

15.2 ppm 0.009801 0.037018 0.993 

22.8 ppm 0.011052 0.008259 0.917 

 

It is interesting to notice that the pseudo-second-order rate constant k2 is gradually 

decreased with the increase in concentration. The decreases in k2 values suggest that the 

adsorption is being slowed down at a higher concentration may be due to strike hindrance 

of the dye molecules.  

Weber-Morris intra-particle diffusion model in Equation (5-3) has been used to describe 

the adsorption mechanics of MB onto BFO nanoparticles. The three linear regions have 
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been identified in this model at lower concentrations after fitting to the adsorption data. 

The notion of these regions is well explained in section 5.5.2.  

 

Figure 6.15. Intra-particle diffusion model (plots between adsorption capacity Qt vs 

t1/2) suggests film diffusion as rate controlling diffusion. 

 Till now the Weber-Morris equation suggests that the adsorption rate is controlled 

by the film diffusion and intra-particle diffusion simultaneously. But to determine, the 

actual rate-controlling step involved in the adsorption is identified by Boyd kinetic model. 

The model is described as Equation (6-3) [388]. 

𝑭 = 𝟏 −
𝟔

𝝅𝟐
𝒆𝒙𝒑(−𝑩𝒕) (6-3) 

Where, F is the fraction of solute adsorbed at a different time (t) and Bt is the function of 

F, called Boyd parameter which is given as Equation (6-4). 

𝑩𝒕 = −𝟎. 𝟒𝟗𝟕𝟕 − 𝐥𝐧(𝟏 − 𝑭) (6-4) 
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The distinction between the intra-particle diffusion and external diffusion (film diffusion) 

transport controlled rate can be defined based on the linearity of the curve passes through 

the origin of the Bt versus time (t) plot as shown in Figure 6.16a. 

 

Figure 6.16. (a) Boyd parameter Bt versus time (t) and (b) film diffusion model for 

the adsorption of MB on BFO. 

The Boyd model equation suggests that if the straight line passes through the origin then 

the adsorption process is governed by the intra-particle diffusion mechanism otherwise 

by film diffusion or external mass diffusion transport mechanism [389]. From Figure 

6.16a, the plots are almost linear but do not pass through the origin which means that the 

adsorption process fails to be intra-particle diffusion process solely, therefore, another 

mechanism (external mass transfer) is also involved in the rate-limiting steps in the MB 

adsorption onto BFO. To see the involvement of film diffusion in the adsorption process, 

the film diffusion model in Equation (6-4) has been used. Where the graphs are passing 

through the origin suggests the film diffusion mechanism. Thus, now it is confirmed that 

the two steps as described above are involved in the rate-limiting step [390]. 

6.5.5 Adsorption Isotherms 

 The nature of the adsorption and the adsorption isotherms has been analyzed by 

using the Langmuir isotherms model as given in Equation (5-4). The value of Qm and b 



175 

 

are calculated from the slope and intercept of the plot between Ce/Qe versus Ce and the 

parameters are tabulated in Table 6.7. Figure 6.17a shows that the correlation coefficient 

(R2) of the isotherm is relatively high (0.962) which suggests that the Langmuir model is 

suitable for describing the adsorption equilibrium of MB onto BFO. The Qm is calculated 

by 0.00878 mol/kg. 

 

Figure 6.17: (a). Langmuir isotherm model suggests monolayer adsorption and (b). 

Separation factor RL versus initial concentration C0 for the adsorption of MB 

represents minimum values of RL which suggests stronger interaction. 

The separation factor (RL) is the essential characteristics of the Langmuir isotherms which 

describes the nature of the isotherms to be either unfavorable (RL > 1), linear (RL = 1), 

favorable (0 < RL < 1) and reversible (RL = 0). The RL is given by the following Equation 

(6-5) [342]. 

𝑹𝑳 =
𝟏

𝟏 + 𝒃𝑪𝟎
 (6-5) 

Where, C0 is the initial concentration and b is calculated from the Langmuir model. The 

value of RL is calculated at different initial concentrations and has shown in Figure 6.17b. 

The value of RL is in the range of 0 and 1 which indicates that the adsorption of MB onto 

BFO is a favorable process. In the present study, the RL value is very low (0.004 < RL < 
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0.02) which might be because of the strong adsorption of MB onto BFO [391]. The 

adsorption data has been fitted also in the Freundlich model where it fails as its R2 is 

0.237 but this model favors the adsorption as the value of n is 10. 

Table 6.7. Parameters obtained from the isotherms models. 

Model Parameters Values 

Langmuir model b (kg/mol) 6.282 × 106 

Qm (mol/kg) 0.00878 

R2 0.962 

Freundlich model n 10 

Kf (mol/kg) 0.0266 

R2 0.237 

Dubinin -

Radushkevich model 

B (mol2/k2J2) 0.4721 × 10-2 

Qm (mol/kg) 0.008443 

E (kJ/mol) 10.29 

R2 0.856 

 

So far in the present study, the adsorption mechanism has been understood but still, it is 

unclear whether the adsorption is physical or chemical. To distinguish between the 

physical and chemical adsorption, the Dubinin-Radushkevich model has been studied, 

which applies to both the homogeneous and heterogeneous surface of the adsorbent. The 

D-R model is given in Equation (5-6), (5-7), and (5-8). The value of E is calculated to be 

10.29 kJ/mol. Based on this value, physisorption and chemisorption can be distinguished. 

The physisorption is corresponding to the mean free energy of the adsorption below 50 

kJ/mol and above this value is indicative of chemisorption [392]. So, the present E value 

is strongly in favor of physisorption. The D-R model is depicted in Figure 6.18a. The Qm 
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is calculated by 0.00878 mol/kg by this model which is in good agreement with the 

Langmuir model (Qm = 0.00844 mol/kg). 

 

Figure 6.18. (a) Dubinin-Radushkevich (D-R) model infers physisorption and (b). 

UV-Vis adsorption data of MB adsorption at 70 °C. 

6.5.6 Thermodynamics of adsorption 

Next, we calculate the Gibbs free energy change (∆Gº) for each concentration at room 

temperature, and the values are given in Table 6.8. The Gibbs free energy (∆Gº) provides 

information about inherent energy changes during adsorption. The ∆Gº is given by 

Equation (5-10). The negative values of the Gibbs free energy indicate that the adsorption 

process is favorable and spontaneous corresponds to the physisorption of MB onto BFO 

[343]. However, negative values are decreasing for higher concentrations which indicates 

that the adsorption is less favorable at higher concentrations. 

Table 6.8. Thermodynamic parameter for the adsorption of MB onto BFO. 

Initial Concentration ∆Gº (kJ/mol) 

4.6 ppm -8.57 

7.5 ppm -8.80 

15.2 ppm -3.67 

22.8 ppm -2.96 
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Further, we have examined MB adsorption at higher temperatures. Where it has been 

investigated that the MB gets desorbed at a higher temperature. This has been shown in 

Figure 6.18b at 70 °C. Initially, little adsorption occurs, and then subsequently desorption 

starts.   
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7 Chapter 7: Rapid adsorption of congo-red dye by 

polyaniline-bismuth ferrite nanocomposite 

7.1 Abstract 

In the present study, the polyaniline/bismuth ferrite nanocomposite (PANI/BFO) has been 

synthesized by a chemical polymerization method and its adsorption capacity is 

investigated towards the adsorption of congo red (CR) dye. The PANI/BFO 

nanocomposite has been characterized by X-ray Diffraction (XRD), Fourier Transform 

Infrared (FTIR) Spectroscopy, Field Emission Scanning Electron Microscopy (FESEM), 

X-ray Photoelectron Spectroscopy (XPS), and Dynamic Light Scattering (DLS). The 

characterization results indicate that both chemical bonding and physical bonding involve 

in the composite formation of PANI and BFO. The interpretation of the kinetics, 

isotherms, and thermodynamics has been carried out of the adsorption of CR onto 

PANI/BFO nanocomposite. The results demonstrate that about 95% of adsorption 

completes within 5 minutes of contact. Adsorption data follows the pseudo-second-order 

rate kinetic equation. The adsorption kinetics is chiefly controlled by the film diffusion. 

The isotherms study has been investigated by the Langmuir model suggesting the 

monolayer adsorption where the maximum adsorption is calculated 81.16 mg/g. 

Thermodynamic parameters such as standard Gibbs free energy change, standard 

enthalpy change, and standard entropy change were calculated. The negative value of 

standard Gibbs energy change favors the physisorption of CR onto PANI/BFO, which is 

also confirmed by the Dubinin–Radushkevich model. The adsorption is exothermic as 

revealed by the negative value of standard enthalpy change. Quantitative analysis infers 

7 monomers in a polyaniline chain. Results show that the PANI/BFO played a key role 

in the adsorption of CR. 
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7.2 Introduction  

 Industrialization is increasing globally in the current scenario. Therefore, the by-

products of the industries are a matter of concern because whenever the by-products 

discharged untreated, causing environmental pollution. Water pollution is one of the 

major issues among environmental pollutions. Water is being contaminated with 

chemicals such as organic dyes, pesticides, heavy metals, domestic waste, and industrial 

waste. The industries are the major sources of water contamination as their effluent 

contains chemicals and other hazardous materials. Among the industries, textile industries 

are the bigger water polluters because a huge amount of water is required to color the 

fabric, simultaneously remnant water is being discharged as wastewater into natural 

sources of water. The uses of organic dyes are major sources of environmental 

contamination as dyes are highly toxic and non-biodegradable which whenever 

discharged, damage the aquatic system and produced a carcinogenic effect on a human 

being. Therefore, the removal of contamination from industrial wastewater is a prodigious 

concern and equally important before releasing it into the environment [25]. To overcome 

this problem, efforts have been made to develop new methods and technologies to remove 

the contaminants from waste, post to release in the environment. Up to date, several 

techniques such as membrane treatment [305], ozone treatment [307], biological and 

chemical oxidation [310], coagulation/flocculation [306], photocatalysis [309], and 

adsorptions [311], etc. are well known. Adsorption is one of the techniques which is 

extensively useful and acceptable due to its advantage over other methods as simplicity 

of the process, flexibility, rapid operational, economically feasible, easy to operate, re-

usability of adsorbent after simple desorption of dyes, and wide suitability for various 

dyes [341,393]. 
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 Recently, research pursuing over to design the new materials of high adsorption 

capacity for the removal of dyes from aqueous solution is still under development to make 

it economically feasible and resolve the disposal problem effectively. In this regard, the 

conducting polymers such as polyaniline, polypyrrole, polythiophene, polyindole, and its 

derivatives have attracted much attention due to their wide range of applications in 

sensors, photocatalysis, photovoltaic cell, and microelectronics [394]. Among all of these 

conducting polymers, polyaniline has been more recognized due to its unique properties 

like electrochemical stability, electrically conductive, charge separation capability, better 

stability in the environment, low toxicity, low cost, and simple synthesis [395]. The 

properties of polyaniline can be tuned by simple doping with protonic acid and de-doping. 

Some of its unique properties such as better stability and, adsorption and desorption 

reversibility make it a suitable material for pollutant adsorption. But, polyaniline is a low 

mass density material that inhibits its use as an adsorbent [318,319,396]. 

 In order to overcome this drawback, polyaniline-metal oxides nanocomposite has 

been prepared. BFO is a perovskite material having the rhombohedral structure of space 

group R3c [358]. It is a multiferroic material having electric and magnetic ordering that 

exists simultaneously at room temperature. BFO shows outstanding performance due to 

its high Curie temperature (Tc = 1100 ̊C) and G-type ferromagnetic ordering below the 

Neel temperature (TN = 643 ̊C) [359]. BFO has its potential applications in many areas 

such as spintronics, memory devices, information storage, sensors and 

magnetoelectronics, etc [360,361]. In addition to its multiferroic properties, the BFO 

shows fascinating physio-chemical properties such as photocatalysis due to its narrow 

bandgap (2.18 eV) and chemical stability [146]. 

 In the present study, the PANI/BFO nanocomposite was prepared by in situ 

chemical oxidation of aniline in the presence of BFO nanoparticles, where BFO 
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nanoparticles were synthesized by the sol-gel method. The PANI/BFO nanocomposite 

was well characterized by XRD, FTIR, FESEM, XPS, and DLS techniques. The 

applicability of PANI/BFO nanocomposite was examined towards the adsorption of 

congo red from its aqueous solution of different concentrations. The kinetic, isotherm, 

and thermodynamic studies were elicited of the adsorption in detail.  

7.3  Experimental section 

7.3.1 Synthesis of PANI. 

The synthesis of the polyaniline (PANI) is described in section 5.3.2. The scheme for 

polyaniline preparation is shown in Figure 5.1. 

7.3.2 Synthesis of BFO. 

The synthesis of BFO with DMSO as solvent is described in section 6.3.1. The 

experimental process of synthesis is well represented in Figure 6.1.  

7.3.3 Synthesis of PANI/BFO nanocomposite. 

The PANI/BFO was synthesized by the chemical polymerization process as represented 

in Figure 7.1. First of all, BFO powder was mixed in solution 1 for 10 minutes at room 

temperature. Afterward, solution 2 and solution 3 (as defined in section 2.2.1) were added 

respectively following continuous stirring for 12 hours at room temperature. Then, the 

resultant solution was filtered and the collected residue was washed several times with 

ethanol and water respectively. The residue was dried at 90 ˚C for 5 hours in the oven. In 

this method of preparation, it is proposed that the polyaniline has been polymerized over 

the surface of BFO i.e the polyaniline has been coated over the BFO surface. 
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Figure 7.1. Pathway of synthesis of polyaniline/bismuth ferrite nanocomposite. 

7.3.4 Batch Adsorption Experiments. 

The batch adsorption experiments were performed in a beaker of 250 ml capacity. The 

beaker contained a 100 ml aqueous solution of congo red dye. Adsorption studies were 

conducted for different concentrations (50 ppm, 75 ppm, 100 ppm, and 125 ppm) of congo 

red dye while keeping the adsorbent amount fixed at 100 mg. PANI/BFO was added to 

the CR aqueous solution during stirring at 600 rpm. A 2 ml suspension was collected after 

a fixed interval (5, 10, 15, 30, 45, 60, 75, and 90 minutes) and centrifuged to settle down 

the adsorbent. Later, the supernatant was used to record the adsorption data of the remnant 

concentration of CR in aqueous media. Congo red is characterized by its two peaks at 344 

nm and 498 nm. Both the peaks were monitored and recorded during adsorption. 

However, the adsorption data is presented for a peak at 498 nm only. Temperature is an 

important factor in the adsorption therefore, the adsorption was examined at the higher 

temperatures 303, 313, 323, and 333 K. The adsorption (Qt) is defined as the amount of 

adsorbate adhere to the adsorbent and the equilibrium adsorption (Qe) is corresponding to 
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the equilibrium in adsorption. The adsorption (Qt) and the dye removal efficiency (%R) 

can be calculated by Equation (5-1) and Equation (6-1) respectively. 

7.4 Result and discussion 

7.4.1 X-Ray Diffractogram analysis 

 The XRD patterns of PANI, BFO, and PANI/BFO nanocomposite are depicted in 

Figure 7.2.  Figure 7.2a represents the XRD pattern of PANI which is well explained in 

section 5.4.1. Figure 7.2b represents the XRD pattern of bismuth ferrite (BFO) which is 

well explained in section 6.4.1.  

 

Figure 7.2. XRD pattern of (a) PANI, (b) BFO, and (c) PANI/BFO nanocomposite. 

The XRD pattern of PANI/BFO nanocomposite has been represented in Figure 7.2c. All 

peaks of BFO are presented in XRD of composite nanoparticles but comparatively, their 

intensities have changed. This indicates that the crystallinity of BFO does not disturb 

PANI/BFO formation however, a change in intensities can be due to a change in the mass 

fraction of samples for performing XRD. We have also noticed changes in the XRD 



185 

 

pattern of the nanocomposite. The broad peaks at 20.42° and 25.13˚ of PANI correspond 

to its amorphous and semi-crystalline nature has been disappeared in the XRD pattern of 

PANI/BFO nanocomposite. This infers that the PANI has lost its semicrystalline nature 

after adding BFO nanoparticles during the polymerization process. Thus, the addition of 

BFO nanoparticles leads to an increase in the amorphous nature of PANI. Meanwhile, the 

two sharp peaks at 24.46º and 25.65º have appeared in the XRD of the nanocomposite. 

These peaks can be assigned to the orthorhombic crystal structure of Bi2Fe4O9 matched 

with JCPDS files as stated above. The emergence of these peaks may be the result of 

enhancement of the broad hump present in the range of 24°-26° in BFO. The peak at 

25.65° in PANI/BFO is associated with one more band at 25.38°. Thus, the XRD data 

suggests that the addition of BFO hamper the polymerization process resulting in the 

enhancement of the amorphous nature of PANI. The FWHM values of the most intense 

bands have been calculated at 0.2677° and 0.2539° for BFO and PANI/BFO 

nanocomposite respectively. As the FWHM of the PANI/BFO band is lesser than the 

BFO, this indicates that the PANI has been polymerized over the nanocomposite surface.   

The crystallite size of BFO and PANI/BFO nanocomposite is calculated by the Debye-

Scherrer formula in Equation (3-1). The most intense peak at 27.90° is chosen to calculate 

the crystallite size of BFO and PANI/BFO nanocomposite. The crystallite size of BFO 

and PANI/BFO is calculated at 30.50 nm and 32.23 nm respectively. Thus, the crystallite 

size is higher in the case of PANI/BFO by 1.73 nm which reveals that the BFO 

nanoparticles have been encapsulated into the PANI matrix.  

7.4.2 Fourier Transform Infrared Spectroscopy (FTIR). 

 Figure 7.3 shows the FTIR spectra of PANI, BFO, and PANI/BFO 

nanocomposite. The common bands appear around 3660 cm-1, 2980 cm-1, and 2887 cm-1 

in all samples. The bands at around 3660 cm-1 can be assigned to the O-H stretching of 
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hydroxyl ions [369]. The C-H stretching vibration can be identified at 2980 cm-1 to 2887 

cm-1, which are common to all the samples [370]. A detailed explanation of FT-IR of 

BFO is given in section 6.4.2. 

In the FTIR spectrum of PANI, sharp bands at  2980 cm-1, and 2887 cm-1 are also 

assigned to -NH2
+- and N-H stretching of aromatic amine [398]. The other characteristic 

bands occur at 1560 cm-1 and 1369 cm-1 are ascribed to the C=C stretching vibration of 

the benzenoid unit and quinoid unit respectively [399]. While the C=N stretching 

vibration of the quinoid ring and C-N+ (or C=N+) stretching vibration emerge at 1481 cm-

1 and 1236 cm-1 respectively. FTIR band at 1293 cm-1 can be assigned to C-N stretching 

vibration of secondary aromatic amines owing to the π-electrons delocalization induced 

by protonation of PANI, this may be due to the synthesis of PANI in the acidic medium 

[329]. 

 

Figure 7.3. FTIR spectra of PANI, BFO, and PANI coated BFO. 

On the inspection of FTIR bands of PANI/BFO nanocomposite, it is observed that the 

PANI/BFO comprises the FTIR peaks of PANI and BFO both. It is interesting to notice 

two major phenomena that few of the bands in FTIR of PANI/BFO nanocomposite have 

been shifted with respected to their FTIR spectra of pure form and also their intensities 
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changed. The FTIR bands in the range of 4000 cm-1 to 2000 cm-1 are located in the same 

position as PANI while the intensities of the peaks have been changed as depicted in 

Figure 7.3a. The intensity of the band at 3660 cm-1 corresponds to free -OH stretching is 

diminished comparatively with PANI which indicates the interaction of PANI with BFO. 

In addition, the two bands associated with N-H vibration are noticed at 3432 cm-1 and 

3238 cm-1 corresponds to free –NH- stretching vibration and hydrogen-bonded -NH- 

vibration between amine and imine sites [400]. The FTIR bands of PANI contributing to 

FTIR spectra of PANI/BFO are observed to be shifted towards higher wavenumbers at 

1250 cm-1, 1308 cm-1, 1377 cm-1, 1498 cm-1, and 1584 cm-1. Meanwhile, the FTIR band 

of BFO contributing to the FTIR spectra of PANI/BFO is found to shift towards lower 

wavenumber sides 1081 cm-1 and 1138 cm-1. The shifting of the peaks indicates the 

physical interaction of PANI with BFO nanoparticles. Interestingly, the intensity and 

sharpness of the FTIR peaks related to PANI in nanocomposites have been improved and 

the FWHM values have been reduced comparatively. These observations suggest that that 

the crystalline nature of PANI increases over the BFO surface during polymerization as 

also confirmed by XRD data [325]. It is found that the band's intensity of F=S, F-S, and 

S-S changes but their position is fixed in PANI/BFO composite. Thus, these observations 

clearly demonstrate the surface modification of BFO by polymerization of PANI over the 

BFO nanoparticles constitute PANI/BFO nanocomposite by hydrogen bonding or 

coordination effect [401]. Besides, three bands at 882 cm-1, 826 cm-1, and 805 cm-1 have 

been observed in FTIR of PANI/BFO nanocomposite while these are absent in PANI and 

BFO both. So, the attachment of the polyaniline with bismuth ferrite can be described by 

these bands. These bands can be attributed to the Fe-N stretching vibrations [402,403]. 

Therefore, it can be demonstrated here that the PANI has a dual approach to interact with 

BFO through chemical bonding in the form of Fe-N bonds and physical bonding. The 
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chemical bonding causes new bands and physical bonding shifts the peaks as observed in 

FTIR of PANI/BFO nanocomposite concerning their neat compounds. It is interesting 

here to notice that only iron participates in the composite formation while bismuth is 

unreactive. XPS also supports this statement. This is because of the nature of the bismuth 

as it is least reactive as compared to iron. 

7.4.3 DLS analysis 

 To confirm the presence of PANI over BFO, we further analyzed the samples by 

the DLS. Figure 7.4a-c represents the particle’s size of the PANI, BFO, and PANI/BFO 

nanocomposite respectively. The average particle’s size has been calculated at 611.0 nm, 

250.7 nm, and 385.6 nm from Figure 7.4. As the particle size of the nanocomposite is 

higher than the particle size of BFO which indicates the presence of PANI over BFO. 

Also, the BFO particle size suggests that the BFO tether the polyaniline in nanocomposite 

formation. The zeta potential of the PANI, BFO, and PANI/BFO nanocomposite are 

found -22.3 mV, -10.9 eV, and -3.43 mV respectively. The zeta potential of the 

nanocomposite suggests the aggregation of the nanoparticles in the nanocomposite. 
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Figure 7.4. DLS study of (a) PANI, (b) BFO, and (c) PANI/BFO. The larger particle 

size of PANI/BFO than BFO confirms the coating of PANI over BFO. 

7.4.4 XPS analysis 

The elemental analysis of PANI, BFO, and PANI/BFO nanocomposite has been studied 

with the help of XPS. Table 7.1 represents the peak positions and % area of all peaks. 

Figure 7.5a represents the C 1s peak of PANI which is deconvoluted into three XPS peaks 

at 284.75 eV, 286.04 eV, and 287.86 eV correspond to C-C, C-H, and C-N or C=N 

respectively while the C 1s peaks of PANI/BFO shows a remarkable shift centered at 

284.84 eV, 285.92 eV, and 287.64 eV which might be due to the interaction between 

PANI and BFO. The XPS spectra of N 1s in PANI have been deconvoluted into four 

different peaks corresponds to three different nitrogen species depending on nitrogen 

position in PANI: imine nitrogen (=N-), amine nitrogen (-NH-), positively charged 

nitrogen (-N+-) [332,404]. As represents in Figure 7.5c, N 1s signals can be found at 
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398.23 eV and 399.11 eV corresponds to imine nitrogen (=N-) of the quinoid ring and 

amine nitrogen (-NH-) of the benzenoid ring respectively meanwhile the signals at 400.10 

eV and 401.97 corresponds to positively charged nitrogen (N+). The XPS results indicate 

that the number of benzenoid units (-NH-) is higher than the number of quinonoid units 

(=N-). The ratio of the XPS peak area of –NH- (49.17%) is higher than the XPS peak area 

of =N- (24.67%). The XPS peak area of positive nitrogen (-N+-) is found at 26.14 eV. 

This difference can be attributed to the fact that quinonoid units get protonated when 

doped with H2SO4. However, in the nanocomposite formation, the peaks related to 

various nitrogen species were found to be shifted at 398.40 eV, 399.27 eV, 400.26 eV, 

and 401.30 eV respectively. XPS peaks area calculation helps to determine the doping 

level in samples.  The doping levels can be calculated by the XPS peak ratio (–N+-/N). It 

is noticed that the doping level in the nanocomposite (0.473) increases as compare to the 

PANI (0.260). From these observations, it can be concluded that PANI anchor over the 

BFO exposed more –NH- units to be protonated therefore the units of benzenoids units 

decrease and simultaneously increases positively charged nitrogen species while imine 

nitrogen is constant. These observations suggest the physical interaction between PANI 

and BFO. 
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Figure 7.5. XPS deconvolution spectra of (a) C 1s PANI, (b) C 1s PANI/BFO, (c) N 

1s PANI, and (d) N 1s PANI/BFO.  

 The Fe of BFO sample is displayed two signals Fe 2p3/2 and Fe 2p1/2 at 711.12 eV and 

724.22 eV in Figure 7.6b indicating +3 oxidation state of Fe [405]. Additionally, a peak 

at 717.50 eV is detected corresponds to the satellite peak of Fe 2p3/2. The respective Fe 

signals of PANI/BFO nanocomposite show a remarkable shift and appeared at 710.30 eV 

and 724.05 eV respectively in Figure 7.6d. The intensity of Fe3+ peaks in PANI/BFO 

nanocomposite decreases which may be due to less exposure of Fe to X-ray because 

polyaniline is present over the BFO surface in the nanocomposite. 
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Figure 7.6. XPS spectrum of (a) Fe 2p of BFO, (b) Fe 2p of  PANI/BFO, (c) Bi 4f of 

BFO, (d) Bi 4f of PANI/BFO. 

The obtained XPS spectra for Bi 4f are shown in Figure 7.6a and Figure 7.6c for both 

BFO and PANI/BFO nanocomposite. The characteristic signals can be deconvoluted into 

two bands at 158.84 eV and 164.16 eV corresponds to Bi 4f7/2 and Bi 4f5/2 respectively, 

indicating that the Bi exists in the form of Bi3+ in both the samples [406]. Trivial change 

has been noticed in the binding energy of Bi after decorated with PANI in the 

nanocomposite. The Bi signals can be deconvoluted into two peaks at 158.93 eV and 

164.22 eV in PANI/BFO nanocomposite. These observations suggest that the 

polymerization of PANI onto BFO is mediated by the interaction of –NH- of PANI with 

BFO through coordination bonding. Also, an increasing number of positive nitrogen in 

the composite may attract towards the –OH ions present over the BFO surface thereby 

electrostatic interaction may take involve. Quantitative analysis demonstrates that the  
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Table 7.1. Summary of binding energy and area% of the XPS peaks for PANI, BFO, 

and PANI/BFO nanocomposite. 

Element PANI ZTO PANI/ZTO 

B.E (eV) % 

Area 

B.E (eV) % 

Area 

B.E 

(eV) 

% 

Area 

C 1s 
284.75 

(C-C or C-H)  

46.29   284.84  39.66  

286.04 

(C-N or C=N)  

44.72  285.92  43.99  

287.86 

(C-N+ or C=N+)  

8.97  287.64  16.34  

N 1s 398.23 

(=N-)  

24.67   398.40 21.90  

399.11 

(-NH-)  

49.17  399.27  30.76  

400.10 

(-N+-) 

13.07  400.26  25.46  

401.97 (-N+-) 13.07 401.30 21.85 

Fe 2p  711.12 (Fe+3 2p3/2) 52.65 710.30 50.86 

717.50 18.97 717.57 21.04 

724.22 (Fe+3 2p1/2) 28.37 724.05 28.08 

Bi 4f  158.84 (Bi+3  2p1/2) 54.90 158.93 56.21 

164.16 (Bi+3  2p1/2) 45.09 164.22 43.78 
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change in B.E of Fe is much higher (~92%) than the change in B.E of bismuth (~8%) in 

the composite signifying that the polymerization of polyaniline is chiefly mediated by the 

iron. This supports the FTIR spectra. 

7.4.5 FESEM Imaging 

The morphologies of the synthesized samples PANI, BFO, and PANI/BFO 

nanocomposite has been investigated by the FESEM technique at magnification (100000 

X) and scale (1 μm) as represented in Figure 7.7. Figure 7.7a represents the surface 

morphology of PANI which infers that the PANI synthesized in the layered form whose 

planes are closely packed with each other.  

 

Figure 7.7. FESEM images of (a) PANI, (b) BFO, (c) PANI/BFO nanocomposite, and 

(d) CR-PANI/BFO. 
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Figure 7.7b shows that the BFO surface is being embedded by nanorods which are 

anisotropically distributed. The typical lengths of the nanorods are found to be 0.2 μm to 

1 μm. It is revealed in Figure 7.7c that the BFO nanorods are uniformly dispersed in the 

PANI matrix, resulting in the coating of PANI onto BFO. Thus, it has been proposed that 

the PANI has been synthesized over the surface of BFO during the synthesis of 

PANI/BFO nanocomposite. The surface morphology changes after the adsorption of CR 

onto nanocomposite is displayed in Figure 7.7d, where a bunch of small particles present 

on the surface can easily identify which are CR molecules. 

7.5 Adsorption Study 

7.5.1 Adsorption kinetics 

The CR adsorption by the PANI, BFO, and PANI/BFO nanocomposite has been 

evaluated and compared. Figure 7.8 compares the adsorption of congo red by PANI, BFO, 

and PANI/BFO nanocomposite. Rapid adsorption is noticed by PANI/BFO as compared 

to PANI and BFO separately. Adsorption is still faster for the higher concentration (125 

ppm) of CR as represented in Figure 7.8d. The CR adsorption and CR removal efficiency 

for the PANI, BFO, and PANI/BFO nanocomposite has been evaluated by using Equation 

(5-1) and Equation . Adsorption of CR is higher by PANI/BFO as represented in Figure 

7.9a. Quantitatively, the CR removal efficiencies of the PANI, BFO, and PANI/BFO 

nanocomposite are calculated 59.84 %, 62.52 %, and 99.35 % respectively for 5 minutes 

as depicted in Figure 7.9b. Two major happenings are noticed during the adsorption of 

CR by PANI that (I) the red color of CR dye solution changed to green and (II) the 

characteristic peak at 498 nm has been shifted to higher wavelength 562 nm as displayed 

in Figure 7.8a. This is well explained in section 5.5.2. 
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Figure 7.8. Time-dependent adsorption of 50 ppm CR dye (a) by PANI, (b) BFO, (c) 

50 ppm CR solution by PANI/BFO; and (d) 125 ppm CR solution by PANI/BFO. 

Be motivated by the quick and complete adsorption of 50 ppm CR by PANI/BFO, the 

research proceeded further for highly concentrated CR solutions of 75 ppm, 100 ppm, and 

125 ppm while keeping the mass of adsorbent (100 mg) and other conditions fixed 

(Temperature and Stirring). 



197 

 

 

Figure 7.9. (a) Adsorption capacity vs. time (s), and (b) percentage of 50 ppm CR 

(from 100 mL aqueous solution) removal by PANI, BFO, and PANI/BFO 

nanocomposite (150 mg of each adsorbent). 

Figure 7.10a-b represents the dramatic change in concentration (Ct) and adsorption (Qt) 

with time for higher CR loading. We have noticed that nearly 95% of adsorption 

completed within 5 mins which indicates the high adsorption capability of the PANI/BFO 

nanocomposite. In Figure 7.10b, the adsorption increases with dye concentration may be 

due to a driving force provided by initial dye concentration that dominates over the mass 

transfer resistance of the dye molecules between the liquid and solid phase [312].  

 

Figure 7.10. (a) Instantaneous concentration (Ct) versus time (t), and (b) Adsorption 

capacity Qt versus time t; for the adsorption of CR onto the PANI/BFO 

nanocomposites at a different initial concentration of 50 ppm, 75 ppm, 100 ppm, and 

125 ppm. 
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In order to study the adsorption mechanism of CR onto PANI/BFO, the Lagergren 

second-order-kinetic model has been applied which is expressed in Equation (5-2). The 

values of k2 and Qe are calculated from the slope and intercept of the linear plot between 

t/Qt and t as displayed in Figure 7.11 and corresponding values are given in Table 7.2. 

The Qe (cal) from this model is also compared with the Qe (exp) calculated from Equation 

(5-1). 

 

  

Figure 7.11. The adsorption data fits pseudo-second order equation for the 

adsorption of the CR onto PANI/BFO nanocomposite. 

Table 7.2 suggests that the Qe (cal) and Qe (exp) are nearly equal and correlation 

coefficients (R2) are equal to 1 indicating the best fitting of the adsorption data by this 

model. Pseudo-second-order adsorption rate constant (k2) gradually decreases with an 

increase in the initial concentration of CR due to strike hindrance of higher concentration 

of CR [339]. 
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Table 7.2. Kinetic parameters of the pseudo-second-order adsorption kinetic model. 

S.No C0 (ppm) Qe (exp) k2 Qe (cal) R2 

1 50  33.09468 0.007025 33.1565 1 

2 75 49.65449 0.002695 49.82561 1 

3 100  65.06806 0.001284 65.5308 1 

4 125 77.33271 0.000439 78.00312 1 

  

The adsorption mechanism of dyes is given in section 5.5.2. Further, we are interested to 

identify the actual rate-controlling steps in the adsorption of CR onto PANI/BFO 

nanocomposite, the intraparticle diffusion model proposed by Weber-Morris can be 

employed, which is described in Equation (5-3). The values of ki and C are calculated 

from the slope and intercept of the plot between Qt and t1/2 as abbreviating in Table 7.3. 

As represented in Figure 7.12, two linear regions are observed. The first linear region (red 

line) can be assigned to film diffusion or external mass transfer followed by the second 

linear region belongs to intra-particle diffusion. The external mass transfer completes 

within 5 minutes of the adsorption process irrespective of CR concentrations. The 

external mass transfer rates increase with the dye concentration signifying higher 

adsorption capability of the PANI/BFO nanocomposite. The intra-particle diffusion is 

linked to the diffusion into the pores onto the adsorbent [340]. It is characterized by 

diffusion in macropores, transitional pores, and micropores. Therefore, the observance of 

one linear region in the intra-particle equation fitting in 50 ppm, 75 ppm, 100 ppm, and 

125 ppm dye concentrations can be attributed to the macropore's intra-particles diffusion 

however the transitional diffusion can be also seen in the intra-particle fitting of 125 ppm 

CR adsorption system. The intra-particles diffusion constant is determined from the slope 

of the second and third linear region and is given in Table 7.3. It is noticed that the intra-
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particle diffusion rate constant increases with increasing initial dye concentration. This is 

because increasing initial dye concentration in bulk solution will increase the driving 

force of adsorption. In Figure 7.12d for higher dye concentration, the third linear region 

is obtained in the intra-particle diffusion equation is assigned to the transitional pores 

intra-particle diffusion. The slope and intercept for this region are calculated at 0.010 

mg.g-1.sec-1/2 and 76.82 mg/g respectively. It is noticeable here that the rate constant for 

transitional pores diffusion (0.010 mg.g-1.sec-1/2) is much lower than macropores diffusion 

rate constant (0.128 mg.g-1.sec-1/2). This is because the relative availability of the free path 

for transition pores diffusion is much lower than macropores diffusion hence the diffusion 

rate has been decreased. However, the researcher also showed that the second linear 

region (green line) represents the adsorption over active sites which corresponds to the 

equilibrium state of the adsorption due to the extremely low adsorbate left in the aqueous 

solution and decrease of active sites [407]. Therefore, it is found here that the external 

mass transfer and intra-particle diffusion both are involving in the adsorption of CR by 

PANI/BFO nanocomposite. Also from the above results, it seems that the intra-particle 

diffusion is the rate-determining step. Further, the rate-controlling step is confirmed by 

the Boyd model in equation (6-4). 
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Figure 7.12. Intra-particle diffusion model (Qt versus t1/2) suggests film diffusion as 

rate-limiting process for the adsorption of CR onto PANI/BFO for different 

concentrations (a) 50 ppm, (b) 75 ppm, (c) 100 ppm, and (d) 125 ppm. 

 

Table 7.3. Intra-particles diffusion model parameters for the adsorption of CR onto 

PANI/BFO nanocomposites. 

S.No. Conc/parameter 50 ppm 75 ppm 100 ppm 125 ppm 

1 ki1 (mg.g-1.sec-1/2) 1.87421 2.75674 3.73495 4.22072 

2 C1 (mg.g-1) 0 0 0 0 

3 R2
1 - - - - 

4 ki2 (mg.g-1.sec-1/2) 0.00196 0.00487 0.01388 0.128 

5 C2 (mg.g-1) 32.99 49.40 64.36 70.91 

6 R2
2 0.820 0.930 0.803 0.838 
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 Figure 7.13 suggests that the plots are linear but these are not pass through the 

origin therefore, the possibility of intra-particle diffusion as a rate-controlling step is 

omitted. Therefore, film diffusion plays a key role in the rate-controlling step in the 

adsorption process.  

 

Figure 7.13. Plots of Boyd model parameter Bt versus time t for adsorption of CR 

onto PANI/BFO nanocomposite. 

7.5.2 Adsorption Isotherms 

 To find the distribution of CR onto PANI/BFO in the liquid-solid phase and to 

understand the interaction between CR and PANI/BFO nanocomposite, Langmuir, and 

Dubinin-Radushkevich (D-R) models have been applied to the equilibrium adsorption 

data. The Langmuir isotherms model is expressed in Equation (5-4). The Qm and b are 

calculated from the slope and intercept of the linear plot between Ce/Qe versus Ce as 

shown in Figure 7.14a and the corresponding values are given in Table 7.4. 
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Figure 7.14. Plots of (a) Langmuir model infers monolayer adsorption, and (b) 

Separation factor RL versus initial concentration C0. 

The values of Qm and b are calculated to be 81.16 mg/g and 2.11 L/mg respectively 

whereas the correlation coefficient (R2) was found to be quite high at 0.998 which shows 

the better applicability of the Langmuir model to best describe the adsorption equilibrium 

of CR onto PANI/BFO nanocomposite. The essential characteristics of the Langmuir 

model can be described by a dimensionless constant separation factor RL which is given 

by Equation (6-5). In Figure 7.14b, the value of RL estimates in the range of 0.003 to 0.01 

in the current study, which indicates the isotherm is favorable and since the RL values are 

too low that shows the interaction of CR molecules onto PANI/BFO nanocomposite is 

relatively strong. 

 The maximum adsorption value Qm obtained from the Langmuir model is useful 

in calculating the maximum surface coverage (Sc) of the PANI/BFO surface by the CR 

molecules. The Sc can be calculated by Equation (5-5). The value of Qm is obtained to be 

81.16 mg/g (Table 7.4) and the size of the CR molecule is about 2.3 nm whereby the 

surface area is estimated to be around 6 nm2. The surface coverage Sc is calculated at 

421.00 m2/g. Thus, the Sc of CR on PANI/BFO is quite large revealing the large surface 

area exposes for CR adsorption. This is the conclusion of why the adsorption of CR onto 

PANI/BFO is enhanced dramatically. 
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 We have also used the Freundlich model to describe the isotherms of adsorption 

as represents in Figure 7.15a. The results indicate that the adsorption data is not well fit 

for this model. The Freundlich model generally describes the chemisorption of adsorbate 

onto the adsorbent. Therefore the failure of this model omitted the possibility of 

chemisorption in the adsorption process. Besides, it indirectly signifying the 

physisorption of CR onto PANI/BFO nanocomposite.  

Thus, the Langmuir model indicates the physisorption nevertheless to further confirm, D-

R model in Equation (5-6), (5-7), and (5-8) has been applied. 

Table 7.4.  Isotherms parameters for the Langmuir model, and Dubinin-

Radushkevich model. 

Model Parameters Values 

Langmuir model b (L/g) 2.12 

Qm (mg/g) 81.16 

R2 0.998 

Dubinin -

Radushkevich 

model 

B (mol2/k2J2) 0.067 

Qm (mg/g) 74.30 

E (kJ/mol) 2.72 

R2 0.929 

Therefore, in the present case under all studies CR concentration, the obtained value is 

given in Table 7.4 which reveals that the value of E is 2.72 kJ/mol that strongly in favor 

of the physisorption of CR onto PANI/BFO. 
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Figure 7.15. Linear fitting of (a) Freundlich model, and (b) D-R model. 

7.5.3 Thermodynamics of adsorption 

 The thermodynamic parameters of the adsorption of CR onto PANI/BFO can 

provide in-depth information about the change in the inherent energy of adsorption. The 

free energy of adsorption (∆G°) can be calculated by the thermodynamic equilibrium 

constant (Kd) obtained from the equilibrium adsorption data of 50 ppm CR dye adsorption 

at the temperature range 30 ℃ to 60 ℃. The thermodynamic equilibrium constant (Kd),  

Gibbs energy change (∆G°), enthalpy change (∆H° ), and entropy change (∆S°) are 

determined by using the Equations (5-9), (5-10), and (5-11) respectively. ∆H°  and ∆S°  

are calculated from the slope and intercept of the van’t Hoff plot as represented in Figure 

7.16a. The calculated values of the ∆H° and ∆S° are given in Table 7.5. It is demonstrated 

from the Table 7.5 that the Gibbs free energy is negative which increases from -11.4 to -

13.8 kJ/mol for 50 ppm at 303 and 313 K thereafter it is almost constant for the higher 

temperature at 323 K and 333 K. The negative values of Gibbs free energy suggested that 

the adsorption of CR onto PANI/BFO is feasible, spontaneous and more favorable at a 

higher temperature. Therefore, the obtained value of ΔG° in the current research is 

between -11 to -14 kJ/mol which strongly in the favor of physisorption of CR onto 

PANI/BFO nanocomposite surface which is in the confirmation of the Langmuir model 
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and D-R model. The negative value of the ΔS° which is -53.83 J.mol-1.K-1 indicates the 

decrease of randomness at the solid-liquid interfaces during the adsorption process. The 

decrease of randomness at a solid-liquid interface might be due to the rapid selectivity of 

CR molecules from its aqueous solution by PANI/BFO adsorbent. During the adsorption 

process, the CR molecules strongly attracted by the PANI/BFO adsorbent through various 

forces from the CR aqueous solution instantaneously and repel water from the adsorbent 

surface which decreases the randomness at the interface. 

 

Figure 7.16. (a) van’t Hoff plot used to calculate thermodynamics parameters, and 

(b) Graph shows the CR (50 ppm) equally adsorbed at higher temperature by 

PANI/BFO. 

Since the adsorption of CR onto PANI/BFO is too fast as it can adsorb almost 100% dye 

from aqueous solution even within 5 minutes as shown in Figure 7.16b, once all the CR 

molecules attached to the PANI/BFO surface then the randomness at the solid-liquid 

decreases. This might be the cause of negative values of ΔS° and ΔH°. The value of 

enthalpy change (ΔH°) has been calculated -29.34 kJ/mol which indicates the adsorption 

is exothermic. 



207 

 

Table 7.5. Thermodynamic parameters for the adsorption of CR onto PANI/BFO 

nanocomposites. 

S.No. T (K) ∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/mol.K) 

1 293 -11.4 -29.34 -53.83 

2 303 -13.8   

3 313 -13.5   

4 323 -13.4   

It has been also noticed that the % removal of CR by PANI/BFO nanocomposite is almost 

constant with respect to time as shown in Figure 7.16b at two different times 5 minutes 

and 60 minutes. The typical number of the polyaniline monomers can be calculated from 

the striking entropy value 53.83 J.mol-1.K-1. The total change in entropy can be expressed 

in terms of monomer numbers as ΔS = NavkN. Where Nav is the Avogadro number 

(6.0231023 /mol), k is Boltzmann constant (1.3810-23 J/K) and N represents the number 

of polyaniline monomers. The above equation turns out to be as ΔS = RN where R (=kN) 

denotes gas constant. This equation gives a total number of N ~ 7 monomers in a 

polyaniline chain. This is also in agreement with the previously reported data [349]. This 

number can also be justified from XRD data as the XRD peaks in PANI/BFO 

nanocomposite related to PANI have been disappeared which suggested that the addition 

of BFO hinders the polymerization of PANI over its surface. This might be in result of 

short polymeric chains of less number of monomers. 
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7.6 Reusability of adsorbent PANI/BFO 

 The reusability of the adsorbent is a substantial factor for its economic and 

practical applications. The reusability of the PANI/BFO has been tested four times the 

adsorption cycle one by one without performing the desorption experiment as represented 

in Figure 7.17. In this context, the adsorbent was fed to the next adsorption cycle in its 

original form after collecting from the previous experiment followed by filtration and 

drying. The adsorption efficiency of the PANI/BFO decreases slightly (8.42 %) after the 

four times of re-use. Thus, the results show that the PANI/BFO can be re-used many times 

as an effective and economical adsorbent towards CR removal. 

 

Figure 7.17. The re-usability shows the higher capacity of the adsorbent towards CR 

removal. 
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8 Chapter: 8 Conclusions and future work 

8.1 Conclusions 

8.1.1 Chapter 3 

• Zinc titanate nanorods are successfully prepared by the sol-electrospinning 

method by using PVP as guiding polymer. 

• The characterization reveals that the surface states increases in EZT nanorods. 

• The surface states are acceptor levels and lie below the conduction band 

minimum. 

• The effective bandgap of EZT nanorods decreases. 

• EZT nanorods are more efficient for visible light photocatalytic degradation of 

the phenol than the BZT nanoparticles. 

• The higher efficiency of EZT nanorods is ascribed to the synergic effect from the 

presence of surface states and charge transport to the surface of the nanorods. 

8.1.2 Chapter 4 

• ZTO has been prepared by the sol-electrospinning technique successfully. 

• Nitrogen has been doped into the ZTO lattice successfully. 

• XRD, FTIR, XPS, and Raman spectroscopy confirms the nitrogen doping. 

• Nitrogen-doped at both interstitial and substitutional positions confirm by FTIR 

and XPS data. 

• The shift in the XRD pattern shows induced compressive microstrain in N-ZTO. 

• A compressive microstrain is calculated by the Williamson-Hall model. 

• The ZTO lattice parameters are in good agreement with the previous study. 
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• Nitrogen doping led to the reduction of bandgap energy, the generation of more 

surface states, and increase the charge carrier's lifetime. 

• The N-ZTO has enhanced phenol degradation under visible light. 

8.1.3 Chapter 5 

• The successful synthesis of PANI/ZTO nanocomposite by the polymerization 

process. 

• The XRD, FTIR, and XPS confirm the formation of PANI/ZTO nanocomposite. 

• XRD infers the amorphous phase of PANI when polymerized over the ZTO 

surface. 

• Experimental data suggest the formation of the PANI layer onto ZTO 

nanoparticles. 

• PANI/ZTO shows excellent adsorption for CR dye. 

• The CR adsorption is jointly controlled by film diffusion and intra-particles 

diffusion. 

• Langmuir model suggests the physisorption of CR onto the adsorbent. 

• Physisorption is confirmed by the D-R model. 

• The thermodynamics of adsorption reveals the spontaneity and endothermic 

reaction. 

• The proposed scheme relates to the enhancement of adsorption. 

8.1.4 Chapter 6 

• BFO has been synthesized by a non-aqueous sol-gel route in three different 

solvents. 

• DMSO, THF, and DMF have been used three solvents separately. 

• Two-phase has recognized in BFO namely BiFeO3 and Bi2Fe4O9. 
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• Bi2Fe4O9 dominant in BFO when prepared with DMSO. 

• BiFeO3 dominant in BFO if prepared in THF and DMF. 

• XRD, FTIR, and Raman confirm the crystal structure of BFO. 

• BFO prepared in DMSO shows ample adsorption of MB.  

• Adsorption kinetics has been determined by the pseudo-second-order model. 

• The Langmuir model suggested the physisorption of MB onto BFO. 

• Weber-morris equation reveals the multilinearity of the graphs to describe 

adsorption. 

• Gibbs free energy tells the unfavorability of adsorption at a higher temperature. 

• Desorption takes place at a higher temperature. 

8.1.5 Chapter 7 

• The synthesis of PANI/BFO nanocomposite has been achieved by the 

polymerization route successfully. 

• The XRD, FTIR, and XPS confirm the PANI/BFO preparation through physical 

forces. 

• XRD infers the crystalline phase of PANI when adsorbed over BFO. 

• The dramatic increment has been observed in CR adsorption by PANI/BFO. 

• Data fitting to the Langmuir model suggests physical adsorption of CR on 

PANI/BFO. 

• Physical adsorption confirms by the D-R model. 

• The film diffusion is identified as the rate-controlling step by Weber-morris 

equation. 

• The thermodynamics of adsorption reveals the exothermic adsorption. 

• The reusability test suggests the high uptake capacity of PANI/BFO. 



212 

 

8.2 Future work 

• The bandgap engineering of zinc titanate (ZnTiO3) by vanadium doping and its 

application into wastewater treatment. 

• The spin coating assisted fabrication of ZnO and TiO2 sol to prepare zinc titanate 

thin film for visible light photocatalysis and water splitting. 

• EPR study of nitrogen-doped ZnTiO3 nanopowders. 

• Quantitative determination of reactive species generated in N-ZTO during phenol 

degradation under visible light. 

• Visible light photocatalytic degradation of various pollutants by PANI/ZTO and 

PANI/BFO nanocomposites. 

• Preparation of nanocomposites with ZTO as one entity for various catalytic 

applications. 
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