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ABSTRACT 

Bismuth (Bi) is a versatile metal widely utilized in various fields, particularly in catalysis. It forms composites with 

different metals, serving as efficient photocatalysts. These bismuth-based composites are crafted through innovative 

methods like sol-gel, microwave, and co-precipitation using nanotechnology. They exhibit remarkable 

photocatalytic prowess, degrading organic substances and detecting heavy metals through UV, sunlight, and visible 

light irradiation. Notable heavy metals such as Pb, arsenic, titanium, Cr, and Ni, along with organic pollutants like 

MB, CO, AO, NP, malonic acid, and diphenylhydrazine, have been detected using these composites. Bismuth's 

transitional nature contributes to its promising photocatalytic abilities. A comprehensive review spanning 1963 to 

2019 highlights bismuth's exceptional efficacy as a photocatalyst for wastewater treatment. Bi-TNT (bismuth-

titanate nanotube) composites, synthesized via one-step or two-step anodization methods, Demonstrate increased 

photocatalytic performance in treating industrial wastewater using visible light. The composites are analyzed using 

techniques including FE-SEM, EDS, XRD, UV-Vis DRS, and XPS for characterization purposes. Their improved 

photodegradation results are attributed to bismuth deposition. 

INTRODUCTION 

Photocatalysis employs visible-light-responsive 

catalysts (e.g., TiO2, ZnO, ZnS, CdS, BiVO4, g-

C3N4) for eco-friendly pollutant removal and solar-

driven energy production, including diverse 

semiconductors (metal selenides, phosphides, 

halides)[1]. Bismuth, a metalloid, adopts a 

rhombohedral lattice with a two-atom unit cell 

structure[2]. Bismuth, initially mistaken for lead and 

tin, was differentiated by Claude François Geoffroy 

in 1753 and later utilized in an 1860s London Stock 

Exchange scam falsely promising its conversion into 

silver[3]. Bismuth's relative crustal abundance is 

0.008 ppm. It's found in ores like bismuthinite, 

bismite, and in native form, being non-toxic and non-

carcinogenic[4]. Bismuth's band structure was 

determined from multiple experiments, with their 

limited influence on outcomes expected[5]. 
Nanoscale's transformative nanostructures, bridging 

atomic and bulk scales via high surface-to-volume 

ratio, drive diverse applications through manipulation 

and novel attributes[6]. "Nano," rooted in Latin and 

Greek for "dwarf," represents 10-9 scale, driving 

transformative nanotechnology with unique materials 

impacting diverse fields[6]. Nanotechnology involves 

the exploration and advancement of substances, 

structures, and apparatuses at the scale of molecules 

or atoms, often centered on matter around 100 nm in 

size[7]. Nanotechnology produces novel 

nanomaterials with distinct properties via atom-level 

manipulation, applicable across electronics, energy, 

healthcare, and more, driven by high surface-to-

volume ratio and quantum phenomena[8]. 
Nanotechnology revolutionizes the food industry by 

enhancing packaging, shelf life, impurity detection, 

and additive integration while preserving taste 

neutrality[9]. Nanotechnology in medicine utilizes 

nanoparticles for disease detection/treatment, 

including drug/gene therapy, cancer treatment, MRI 

contrast, tissue regeneration, and pathogen 

identification[10]. Nanotechnology enables small, 

fast, high-storage, low-power devices like smart 

cards, digital cameras, liquid crystals, LEDs, and 
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nano-transistors[11]. Nanotechnology improves 

renewable energy by utilizing nanomaterials for 

increased efficiency, corrosion resistance, and 

lowered fuel consumption[12]. Nanotechnology 

employs nanoparticles to detect and eliminate 

environmental contaminants, enhancing 

environmental protection[13]. Nanomaterials have 

proven to be valuable in treating wastewater, 

effectively addressing concerns such as the presence 

of organic dyes, nitrates, cations, heavy metals, 

natural organic matter, and viruses.[14]. Sub-100 nm 

nanoparticles display diverse benefits including 

improved solar cell absorption, stronger polymer 

composites, tunable properties, and versatile 

industrial applications[14]. Zinc oxide nanoparticles 

serve multiple purposes such as blocking UV rays, 

acting as antimicrobial agents, functioning as sensors, 

and improving the capabilities of food packaging[15]. 
Titanium dioxide nanoparticles exhibit properties that 

enable self-cleaning, photocatalysis, cosmetic 

enhancement, and water purification uses, exhibiting 

size-dependent properties among four material 

types[16]. Various carbon-based nanomaterials like 

nanotubes, fullerenes, graphene, and nanofibers are 

produced using techniques methods like arc 

discharge, chemical vapor deposition, and laser 

ablation.[17]. Exceptional carbon-based 

nanomaterials exhibit widespread industrial utility 

owing to their remarkable mechanical, optical, 

electrical, and thermal properties[18]. Inorganic 

nanomaterials encompass metal, metal oxide, and 

semiconductor  nanoparticles[19]. Developing new 

synthetic pathways using diverse solvents is vital for 

creating unique inorganic nanomaterials with 

applications beyond traditional options, while 

considering advantages and limitations[20]. Organic 

nanoparticles, 10 nm to 1 µm in size, comprising 

polymers and lipids, hold substantial high-tech 

application value, though often overshadowed by 

inorganic counterparts like gold and quantum 

dots[21]. Organic and inorganic nanomaterials 

undergo noncovalent interactions to achieve desired 

structures such as micelles, polymers, dendrimers, 

and liposomal nanoparticles[22]. Composite 

nanomaterials are intricate multiphase nanoparticles 

that merge diverse materials for versatile 

applications[23]. Precisely engineered composite 

nanomaterials exhibit immense technological 

potential as sensors, film modifiers, semiconductor-

metal junctions, and catalysts, capitalizing on their 

unique nanoscale properties[24]. Synthetic 

nanoparticle manufacturing employs chemical, 

physical, and biological methods with chemical 

reduction utilizing agents like NaBH4, N2H4, H2 

gas, B2H6 gas, and alcohols for cost-effective metal 

salt reduction[25]. Stabilizing agents regulate 

nanoparticle features based on their organic, 

inorganic, or biomolecular nature, encompassing 

morphology, aggregation, and properties[26]. The 

solvothermal method includes dissolving precursor 

metals in a solvent inside an enclosed system, then 

exposing them to elevated temperature and pressure 

conditions [27]. Hydrothermal single crystal growth 

utilizes a pressurized autoclave with hot water and a 

nutrient to dissolve minerals at high pressure, 

enabling crystal growth on the cooler side[28]. 
Hydrothermal synthesis utilizes water as a solvent to 

create nanomaterials, with reaction conditions and 

starting material characteristics influencing the 

resulting properties[29]. The Sol-Gel process 

combines liquid precursors, hydrolysis, 

polycondensation, and gel formation to produce 

transparent sols, which transform into gel networks 

and yield nanoparticles upon thermal treatment[30]. 
Co-precipitation is a widely used method for 

synthesizing metal oxide nanoparticles, with reagent 

concentration, pH, and heating influencing particle 

characteristics[30]. Treatment of homogeneous 

solutions of raw material chlorides/nitrates in 

solvents with NaOH/NH4OH base results in 

precipitates that, after salt washing and heating, lead 

to the production process of metal oxide 

nanoparticles. [27]. The micro emulsion method 

involves water and oil phases separated by a 

surfactant to create nanoemulsions with controlled 

droplet sizes through precise oil/surfactant ratio 

adjustment via room temperature stirring[31]. CVD is 

a versatile technique involving gaseous reactants 

undergoing surface reactions on a substrate, resulting 

in solid deposits through heterogeneous reactions, 

while eliminating by-products via diffusion[32]. The 

melt mixing method utilizes elevated temperature and 

shear stress to uniformly disperse metal nanoparticles 

in a polymer matrix above its Tg, creating 

thermoplastic polymer-based nanocomposites[33]. 
High-energy ball milling involves ball collisions in a 

mill to generate energy for synthesizing oxide 

nanoparticles, particularly in difficult materials like 
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nickel-based superalloys[34]. Biosynthesis utilizes 

viruses, bacteria, plant extracts, and fungi for eco-

friendly nanoparticle preparation, differing from 

toxic chemical methods[35]. Efficiently produces 

eco-friendly nanoparticles at scale with precise 

attributes, minimizing pollution[36]. Green 

chemistry-based nanomaterial synthesis employs safe 

capping agents, eco-friendly solvents, and eliminates 

hazardous reducing agents for sustainable and safe 

production[37]. Plant extract-enabled nanoparticle 

preparation: a single-step, rapid, safe, and cost-

effective synthesis utilizing diverse plant metabolites 

as reductants and stabilizers[38]. Algae and fruit 

waste can synthesize metal nanoparticles using algal 

biomolecules as capping agents, yet toxicity concerns 

arise, while fruit waste allows direct metal oxide 

nanoparticle preparation[39]. Nanocomposites 

feature nano-sized particles for enhanced 

reinforcement and dispersion within the matrix 

compared to conventional composites[40]. 
Nanocomposites synergize continuous matrices and 

discontinuous reinforcements for heightened optical, 

mechanical, and thermal conductivities[41]. Natural 

nanocomposites combine polymers with other 

components in structures like bones and shells, while 

synthetic polymer nanocomposites exhibit inferior 

strength and modulus compared to metal and ceramic 

counterparts[42]. Polymer nanocomposites optimize 

mechanical properties through diverse nanoparticles, 

compositions, flexibility, temperature modulation, 

and eco-friendly strength, ideal for car parts[43]. 
Nanoscale Bi-based photocatalysts show potential for 

water and air toxin removal via visible-light 

activation, demanding optimization in electron-hole 

utilization through morphology, heterojunctions, and 

surface modifications; TiO2 is a well-explored 

benchmark[44]. Bi nanomaterials serve as 

photocatalysts due to their appropriate energy band 

structure, chemical stability, and eco-friendliness[45]. 
Bi exhibits significant metallic properties due to its 

lower effective mass, higher Fermi surface, and 

semiconductor transition ability[46]. Bismuth oxide 

(Bi2O3) when combined with TiO2 in composites 

exhibits enhanced visible-light photocatalytic 

efficiency compared to individual use, finding 

application in various fields[47]. Bi2O3 demonstrates 

p-type semiconductor characteristics, the valence 

band edges are positioned around +0.131, while the 

conduction band edges are situated at approximately 

+0.334[48]. Bi2O3 demonstrates p-type 

semiconductor characteristics, Identify the locations 

of the valence band and conduction band edges 

situated around +0.131 and +0.334 (relative to the 

normal hydrogen electrode), respectively[49]. 
Composite materials of Bi-TiO2 nanotubes were 

created through both Dual-phase and single-phase 

anodization techniques, employing different 

parameters. These composite materials were created 

with the intention of addressing the treatment needs 

of industrial wastewater. The evaluation 

encompassed their effectiveness in visible-light 

photocatalysis as well as their potential for reuse. 

MATERIALS AND METHODS 

Chemicals: 

Zinc Sulphide, Iodine Crystals (Extra Pure), Tin foil 

(Extra Pure), Bismuth (Extra Pure), Platinum(Extra 

Pure), Ethylene glycol, Ethanol (MERCK and 

SIGMA ALDIRICH), Acetone (MERCK and 

SIGMA ALDIRICH), Ammonium Flouride 

(MERCK and SIGMA ALDIRICH).Industrial 

wastewater; Collected from a Textile industry in 

Lahore MB; Collected from a company in Lahore. 

Method of Sample collection: 

A sample of industrial wastewater was collected from 

a textile facility in Lahore, characterized by its 

brownish hue. The wastewater from the textile 

industry in this area contains various pollutants such 

as dyes and COD (Chemical Oxygen Demand). 

Chemicals Concentration Preparation: 

A sheet of aluminum foil measuring 5 x 5 cm² and 

with a thickness of 0.2 mm was acquired from 

MERCK & SIGMA ALDRICH in Karachi, Pakistan. 

The aluminum foil was of 99.8% purity. 

Additionally, Ammonium Fluoride (NH₄F) with a 

purity of 97.0% was obtained from the same source 

in Karachi, Pakistan. 

Synthesis of catalyst: 

I created a catalyst using electrochemical anodization 

through both one-step and two-step methods. 
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Create a two-stage process for synthesizing Bi-

TNT  

Initially, I synthesized the Trinitro Toluene catalyst 

by utilizing a process involving deionized water, 

ethanol, and acetone. To eliminate impurities, I 

subjected tin foil to sonication. The electrolytic 

solution was prepared using 1 wt% NH4F, 5 wt% 

deionized water, and 94 wt% ethylene glycol. 

Employing an N6702A Agilent Technologies power 

supply, I conducted electrochemical anodization at 50 

volts over 2 hours, with platinum (Pt) serving as the 

cathode and tin foil as the anode. Subsequently, the 

anodized tin foil underwent washing with distilled 

water and ethyl alcohol, followed by drying under 

nitrogen gas. The tin foil underwent a process of 

annealing in a furnace at 550°C for duration of 1.5 

hours. This procedure led to the achievement of the 

intended crystalline configuration of tin oxide 

(TiO2). In a separate step, I introduced bismuth to the 

anodized Trinitro Toluene using an electrochemical 

deposition technique. Platinum was employed as the 

cathode, and the anodized Trinitro Toluene acted as 

the anode. Varying concentrations of bismuth 

electrolyte solutions, ranging from 2.0 wt% to 0.5 

wt%, were prepared and utilized. Through trials 

involving different bismuth deposition times (one to 

fifteen minutes) and voltages (ranging from 40 to 70 

volts), successful electrochemical deposition of 

bismuth onto the Trinitro Toluene was achieved. 

After being deposited, the specimens underwent a 

purification process using distilled water, followed by 

drying in a digital oven at 70°C for a period of 10 

hours. 

Single-step production of Bi-TNT through 

synthesis 

Bismuth trinitrotoluene was created for the purpose 

of eliminating impurities. Tin foils were cleaned 

using distilled water, ethyl alcohol, and acetone for 

ten minutes. An electrolytic solution consisting of 5 

wt% distilled water, 1 wt% NH4F, and ethylene 

glycol was used in combination with varying bismuth 

concentrations (ranging from 2 wt% to 0.5 wt %) and 

voltage levels (from 30 volts to 60 volts). 

Electrochemical anodization was carried out for 

durations of one to four hours, using the necessary 

materials. Following anodization, the tin foils were 

washed with distilled water and dried using nitrogen 

gas. Subsequently, the tin foils were annealed at 550 

℃ in a furnace for 1.5 hours to enhance their 

crystalline structure and overall characteristics. 

Photocatalytic experiment: 

Composite efficiency in photodegradation was 

achieved in two steps. The initial part involved 

optimizing the photodegradation conditions for 

Bismuth tri nitro Toluene (Bi-TNT) alongside the 

degradation of Methylene Blue (MB). In the latter 

part, the optimized conditions were applied to 

industrially generated waste for photodegradation. 
The experimental arrangement consisted of a 

photocatalytic reactor, as described in the 

Supplementary Materials section. The procedure 

involved a 35 mL solution with an initial 

concentration of 5 mg L−1 of MB. A visible-light 

source, specifically a Philips fluorescent lamp that 

emitted light with an intensity of 31 W m−2 and 

wavelengths spanning from 400 nm to 700 nm, was 

employed to facilitate the photocatalytic reactions. 

Prior to initiating the photocatalytic tests, the 

catalysts were allowed to establish adsorption 

equilibrium in the absence of light for 25 minutes. 

The reduction of MB was quantified at 665 nm using 

a UV–Vis spectrometer. The source of the industrial 

wastewater was the Lahore Industrial Complex in the 

Republic of Pakistan, originating from the textile 

industry's dyeing and coloring processes. The 

wastewater potentially contains pollutants such as 

Trichloroethylene, Formaldehyde, Chromium, 

Nickel, Lead, Hydrochloric Acid, Phenol, and 

dyes[50]. The conditions for photodegradation of 

wastewater of industry were similar as related to the 

Methylene blue photodegradation test. A Shimadzu 

TOC-L CPH instrument from Japan was employed to 

analyze the total organic carbon (TOC) content in 

industrial wastewater. A durability assessment was 

performed on both one-step and two-step Bi-TNT 

catalysts to gauge their photodegradation stability. 

This test aimed to determine the long-term 

performance of the photocatalysts under conditions 

identical to those utilized for assessing the 

photodegradation efficiency of MB dye and industrial 

wastewater, aimed at refining the recycling process. 

The Bi-TNT catalysts underwent five rounds of 

rinsing with distilled water, with each round lasting 
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ten minutes. Subsequently, they were dried in an 

oven at sixty degrees Celsius for thirty minutes to 

ensure the removal of any impurities adhering to the 

Bi-TNT surface. COD = chemical oxygen demand, 

SS = suspended solids. 

Sr.no Parameter Unit Value 

1 TOC mgL-1 55 

2 COD mgL-1 290 

3 pH - 7.20 

4 SS mgL-1 80 

5 Temperature ℃ 32 

Table 1.1 Attributes of industrial wastewater. 

Results and Discussion 

FE-SEM 

The diagram provided illustrates the structural 

differences between one-step and two-step Bi-TNT 

composites, along with pure TNT, as observed 

through FE-SEM imaging. The fabrication process 

effectively resulted in tin oxide (TiO2) nanotubes on 

a tin foil substrate. These nanotubes displayed 

lengths ranging from 1800 to 2100 nm and diameters 

of 50-60 nm, as shown in Figure 1.1. The 

configuration of TiO2 nanotubes was consistent, 

displaying exposed ends and distinct gaps between 

individual tubes. For the experiment concerning 

photocatalytic degradation, optimal circumstances 

were determined for both the two-step and one-step 

synthesis methods of Bi-TNTs. In the two-step 

approach, the most favorable results were achieved 

when utilizing 1.0 wt% bismuth (Bi) concentration. 

This concentration was obtained by applying a Bi 

layer onto the surface for duration of 5 minutes at 60 

V, as shown in Figure 1(b). Conversely, employing 

the one-step Bi-TNT method demonstrated its best 

performance with a Bi concentration of 1.5 wt%. 

This entailed anodization over a period of 2 hours at 

50 V, as depicted in Figure 1(c). The FE-SEM 

images displayed successful incorporation of Bi onto 

the TiO2 surface using both synthesis methods, while 

retaining the characteristic nanotube morphology 

even after the Bi deposition process. 

 

1.1 Micrographs obtained via Field Emission 

Electron Scanning Microscopy (FEE-SEM) depict 

the structures of (a) TNT and Bi-TNT, (b) 

composites created through a two-step process, 

and (c) composites synthesized using a one-step 

method. 

XRD 

XRD analyses demonstrated that the TNT and Bi-

TNT catalysts, synthesized through both two-step and 

one-step procedures, yielded similar patterns, 

exhibited a crystalline structure of anatase phase after 

being annealed at 550 °C for 1.5 hours, as depicted in 

Figure 2(a). The XRD data also indicated the 

presence of both titanium (Ti) and bismuth (Bi) 

peaks. The bismuth existed in a distinct Bi2O3 phase. 

The diffraction peaks corresponding to the anatase 

phase of titanium dioxide (TiO2) were detected at 

specific angles, namely 25.1°, 38.1°, 48.5°, and 

78.0°[51]. The diffraction signals occurring at angles 

of 37.3° and 55.8° in the 2θ range were identified as 

characteristic peaks corresponding to bismuth (Bi) 

material[52]. 

 

Fig. 1.2: Bi-TNT composites: (a) XRD spectra and 

(b) XPS spectra of the complete range. 

UV–Vis diffuses reflectance spectra 

Figure 1.3 illustrates the UV-Vis diffuse reflectance 

spectra (UV-Vis DRS) were recorded for composite 

materials comprising TNT and Bi-TNT. These 

composites were fabricated using both single-step 

and two-step methods. The band-gap energies were 

determined through the utilization of the Tauc plot 

technique coupled with the Kubelka-Munk function. 

In the ultraviolet (UV) range, the TNT composite 
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demonstrated notable absorption characteristics, 

indicative of band-gap energy of approximately 3.21 

eV. Conversely, both the one-step and two-step 

synthesized Bi-TNT catalysts exhibited absorbance 

within the visible spectrum, revealing energy band-

gaps of approximately 2.87 and 2.81, respectively. It 

is worth noting that significant absorption peaks were 

identified in the TNT absorption spectrum, occurring 

at approximately 435 nm and 650 nm, corresponding 

to h+ and e- absorption, as reported in earlier 

research. Importantly, the incorporation of bismuth 

(Bi) in the Bi-TNT composites led to a more 

prominent absorption in the visible region compared 

to the pure TNT composite. 

 

Fig.1.3: UV-Vis diffuse reflectance spectroscopy 

(UV-Vis DRS) was employed to analyze the Tauc 

plot of both TNT and Bi-TNT catalysts, 

considering both one-step and two-step processes. 

Treating industrial wastewater with improved 

outcomes derived from optimization 

The efficiency of using Bi-TNT catalysts to treat 

industrial wastewater was investigated through both 

one-step and two-step synthesis approaches. The 

most advantageous settings for creating the two-step 

Bi-TNT catalyst involved using a Bi concentration of 

1.0 wt% and applying a 5-minute Bi deposition at 60 

V. In comparison, for the single-step Bi-TNT 

synthesis, the best results were achieved by utilizing 

a Bi concentration of 1.5 wt% and performing 

anodization for 2 hours at 50 V. When compared to 

the conventional TNT catalyst, both Bi-TNT catalysts 

displayed superior photodegradation performance 

under visible light for 6-hour duration. The extended 

treatment time was necessary due to the complex 

mixture of dyes and chemicals present in industrial 

wastewater, requiring more degradation time than 

simpler compounds like MB. The initial 

concentration of total organic carbon (TOC) in the 

wastewater was 45 mg L−1. After applying 

photocatalytic treatment, the TOC levels were 

lowered to 34 mg L−1, 24 mg L−1, and 19 mg L−1, 

using TNT, and two-step Bi-TNT, and one-step Bi-

TNT catalysts respectively. These reductions in TOC 

translate to percentage decreases of 22%, 44%, and 

56% for TNT, two-step Bi-TNT, and one-step Bi-

TNT respectively. Notably, the two-step and one-step 

Bi-TNT composites exhibited TOC removal rates 

that were 2.0 and 2.5 times higher compared to TNT. 

 

Fig. 1.4: Efficient photocatalysts made of TNT, as 

well as both one-step and two-step Bi-TNT 

composites, have demonstrated promising 

outcomes in the treatment of industrial 

wastewater. 

Alterations to TiO2 with bismuth (Bi) for 

enhancing photocatalytic mechanisms 

The Supplementary materials Fig. S5 illustrates a 

proposed photocatalytic mechanism for Bi-TNT. This 

process involves several steps: To begin, the surface 

of Bi-deposited TiO2 becomes responsive to visible 

light. As a result, when electrons generated by light 

exposure move from the valence band (VB) of TiO2 

to its conduction band (CB), this triggers the 

formation of holes (h+) in the valence band of Bi. 

These newly formed electrons and holes then initiate 

a reaction with water (H2O), resulting in the creation 

of hydroxyl (OH) radicals and superoxide ions. 

Operating in coordination, these electrons, vacancies 

in the valence band, hydroxyl radicals, and 

superoxide ions cooperate to achieve their collective 

goal break down and degrade pollutants.[53]. In the 

process of photocatalytic degradation, the initial step 

involves the conversion of MB into intermediate 
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substances, which subsequently undergo further 

degradation into CO2 and H2O. The presence of 

bismuth (Bi) has a beneficial impact on the efficiency 

of TiO2 in this degradation process under visible-

light conditions. This improvement stems from Bi's 

ability to enhance the utilization of photons from 

visible light for the generation of electron-hole pairs 

(e- and h+). Moreover, the presence of Bi on the 

surface of TiO2 promotes the effective separation of 

these photoexcited electron-hole pairs, leading to an 

increased production of superoxides and OH 

radicals[54]. The enhanced efficiency of Bi 

deposition in photodegradation could arise from 

multiple reasons: Incorporating Bi through deposition 

could reduce the energy band gap, leading to an 

enhancement in TiO2 light absorption in the visible 

range. When Bi is added to the surface of TiO2, it has 

the ability to trap excited electrons, which in turn 

lessens the recombination of electron-hole pairs. This 

leads to an enhancement in the creation of 

superoxides and OH radicals. Furthermore, the 

increased surface area of the Bi-TNT combination 

offers a greater capability for trapping pollutants. 

This results in the formation of more sites that exhibit 

catalytic activity[55]. 
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