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ABSTRACT 

With the development of civilisation, industrialisation is increasing rapidly. Due to the 

establishment of various industries, waste is also being generated and discarded 

exponentially. Organic pollutants, like polyaromatic hydrocarbons (PAHs) from 

petrochemical industries, dyes from textile industries, heavy metals from tannery 

industries, and solid biotic wastes from agricultural sectors, hospitals, and residential 

places are generating more concerns nowadays. Rather than using a material, generating 

waste, and treating the waste before disposal, in the age of circular economy, the recycling 

and reusing waste materials of one sector as the raw material in another industry is a more 

accepted approach.  

The current study focuses on the extraction of cellulose, hemicellulose, and lignin by the 

sonochemical method from rice husk and sawdust, and the synthesis of furfural and 

bioethanol. Also, silica and biochar were produced from the raw materials, and the 

biochar, cellulose, and silica were utilised to synthesise PVA aerogels for wastewater 

treatment was investigated. Bacteria were also doped into the PVA matrix of the aerogels 

to increase their efficiency, along with phytotoxicity studies were conducted to 

understand the environmental effects of the treated solutions. In this study, it was 

observed that sonication has a high influence on the cellulose content extracted from 

biomass. The highest cellulose content was found in the case of SD_4%_NaOH_S, and 

the value was 958.88 mg/g, and the lowest cellulose concentration was found to be 101.48 

mg/g in the case of RH_2%_NaOH_NS. In the case of TRS, the highest TRS yield was 

observed in the case of SD_4%_H2SO4_S and was found to be 26.82 mg/g with 3 mL/ 

100 mL of microbial concentration. In this study, the highest ethanol concentration was 

found in the case of SD_6%_H2SO4_NS with 1 mL microbial dose/100 mL solution, and 

the ethanol concentration was 3.24 mg/g of biomass. From the RSM study of bioethanol 

production, it was found that the model was significant with a P-value of 0.0006 (<0.05) 

and an F-value of 17.1 (>12). The correlation coefficient (R2) value of the mentioned 

model was 0.95. The R2 value also indicated that the predicted and observed data of this 

experiment were in reasonable agreement, with the value of 4.84 mg/g and 4.32 mg/g, 

respectively, indicating the significance of the model. In the case of furfural production, 

RH_4%_NaOH_S generated the highest furfural production yield, with the value of 

17.35% after treating for 30 min. 
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From the ATR-FTIR study, it was observed that the extracted cellulose was enriched with 

C-H, -CCH, -CO, and C-O-C functional groups, respectively. ATR-FTIR analysis of 

hemicellulose revealed the presence of the xylopyranose ring, and in the case of lignin 

C-O, =CH, and O-H groups were found. From XRD analysis, the increase in cellulose 

crystallinity from 11.23 to 15.17 was found after sonication. 

From a pollutant removal study in the case of naphthalene, the highest removal of 

naphthalene was found in the case of PVA-Si aerogel, at 313 K temperature, with the 

value of 96.32% removal. For phenol and acenaphthene, the highest removal was 97.44% 

and 94.47%, respectively, by the same aerogel. From the modelling study, it was found 

that the processes were endothermic and spontaneous. They were observed to follow the 

pseudo-2nd-order kinetic model. The isotherm model, though, was found to depend on the 

adsorbent type. In general, the aerogels containing sawdust materials as filler followed 

the Langmuir isotherm model; on the other hand, the rest of the aerogels were found to 

better fit the Freundlich isotherm model, allowing multilayer adsorption. From the 

multipollutant removal study of the aerogels, it was found that the adsorbents are capable 

of removing multiple organic pollutants simultaneously from a mixed pollutant solution. 

It was also observed that the adsorbents have a higher affinity to organic pollutants and 

dyes compared to metal ions, as found in the selectivity study. From the RSM analysis, it 

was found that the adsorption experiments for all the pollutants were significant with 

0.99, 0.99, and 0.98 R2 values for naphthalene, phenol, and acenaphthene, respectively. 

From the SEM analysis, it was revealed that the surface of the prepared aerogels was full 

of cavities and uneven structures, contributing to the adsorption efficiency of the 

adsorbents. Also, from the ATR-FTIR analysis, it was observed that the surface of the 

prepared aerogels was enriched with C=O, C-H, and Si-O-Si functional groups, 

respectively. The TGA analysis and XRD analysis revealed the effect of fillers on the 

properties of aerogels. Also, the thermal stability of the adsorbents was observed in the 

TGA analysis. From the physical property analysis, it was shown that the prepared 

aerogels were highly porous. 

In the case of the bacteria, it was shown that Bacillus sp. showed an inhibition zone for 

100 mg/L naphthalene, and Lysinibacillus sp. and Pseudomonas sp. showed the zones for 

10 mg/L and 100 mg/L naphthalene concentration, confirming the tolerance of these 

organisms against these pollutants. During the removal of these pollutants, in the case of 
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naphthalene, the highest removal was achieved by Bacillus sp., at 2 mL/ 100 mL dose, 

and the value was 99.52%. Similarly, for phenol, the highest removal achieved in this 

study was 84.19% by Pseudomonas sp. after 5 days of treatment, and for acenaphthene, 

the highest removal achieved in this study was 74.18% by Lysinibacillus sp. after 5 days 

of treatment.  

Bacteria-doped aerogels also showed significant removal of the pollutants. For 

naphthalene, the highest removal was achieved by PVA-Si-Bacillus sp. showed the 

highest removal with the value of 97.39% after five days of treatment, as well as for 

phenol and acenaphthene, with the removal of 94.20% and 96.35%. From the GC-MS 

analysis of the pollutants after treatment, it was found that 2-methyl-eicosane, 3,3-

dimethylhexane, and 1-iodo-tridecane were the major produced components, confirming 

the metabolism of the pollutants. From the toxicity analysis, it was observed that all the 

phytotoxicity indices improved after the remediation of the solutions by bacteria. 

Keywords: Waste valorisation, aerogels, bacteria-doped aerogels, adsorption, 

wastewater treatment, toxicity. 
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Chapter: 1 

INTRODUCTION 

Behind every research, there is a problem to solve. The problems associated with this 

research will be discussed in the introduction chapter of this thesis. This research work 

addresses three major problems, viz., the hazards associated with solid biotic waste 

(specifically sawdust and rice husk), water pollution, and the energy crisis, respectively. 

This research was performed with a multidimensional approach to contribute to the 

remediation of all the mentioned problems in a step-by-step manner. 

1.1. Solid waste as an emerging concern: 

Being a developing country, one of the main problems of India comes into focus when 

discussing the economy of India. The Indian economy is highly dependent on agriculture. 

Rice husk of Oryza sativa, a common cultivated cereal in India, is a by-product of its 

agricultural practices. Annually, India produces around 120 million tonnes of rice, and 

from that, 23% is rice husk. This material is difficult to break down when discarded as 

garbage, and due to its low density, it takes up a lot of space in landfills. While a part of 

rice husk is utilised for cattle feed, most is thrown away or used as animal bedding. 

Approximately 17.6% of the produced rice husk is burnt during October and November 

in India (Sahai et al., 2011). Burning of rice husk can generate aerosols, including PM2.5 

and PM10. It is estimated that the burning of husk can release 627 kilotons of PM10 and 

4677 kilotons of carbon monoxide (CO) to the atmosphere each year (Datta et al., 2020). 

Apart from these contaminants, burning rice husk also releases CO2 (70%), CH4 (0.66%), 

N2O (2.09%), and ash (Pathak et al., 2021). These contaminants not only affect the 

surrounding air quality but also the ozone layer in the troposphere (Kumar et al., 2015). 

Besides contaminating the atmosphere, these pollutants also show adverse effects on 

human health. The particulate matter emitted by burning the crop residue around Delhi is 

17 times higher than vehicular emissions and garbage burning combined (Bhuvaneshwari 

et al., 2019). The volatile organic compounds (VOCs), nitrogen oxides (NOX), and 

carcinogens, specifically polyaromatic hydrocarbons (PAHs), are released from this 

burning effect on individuals (Gheorghe and Ion, 2011). Singh (2018) reported some 

additional adverse effects, viz., corneal opacity, skin illnesses, and eye irritation can be 
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caused by the burning of crop residue. Kant et al. (2022) reported that these off-site 

burnings are responsible for 66,200 deaths in India in the year of 2015. 

According to Gupta et al. (2011), burning the agricultural waste can elevate soil 

temperature to 33.8°C- 42.2°C at a soil depth of 1 cm. This increased temperature can 

reduce the nitrogen content by 23%-73% and disturb the C: N ratio of the soil. At the 

same time, carbon is emitted to the atmosphere as CO2 and nitrogen is converted to 

nitrate. These processes can reduce nitrogen, phosphorus, and potassium by 824 thousand 

tons. The alteration in soil chemistry also affects the productivity of the soil. 

On the other hand, sawdust is also gaining attention as an emerging environmental 

hazard. According to the FAO 2020 report, India annually produces 50.60 million cubic 

meters of timber and 15% of it is converted to sawdust as a by-product of the industry. 

Worldwide, the most common fate of the produced sawdust is being burned (Adegoke 

and Mohammed, 2002). Burning sawdust in the open air can cause a concerning level of 

environmental pollution by contributing to acid rain, releasing particulate matter, and 

generating greenhouse gases like CO2. Not only air and water, but this waste also affects 

soil chemistry adversely. Sawdust reduces the hydrogen content significantly as well as 

the phosphorus content. Also, it changes the pH of the soil by increasing the acidity and 

contaminates it with phenolic compounds. Sawdust makes up around 10% of all waste 

dumped in landfills each year. From the year of 1990 to 2018, the amount of sawdust 

generated increased from 12,210 tons to 19.090 tons. Also, the discarded sawdust 

increased from 10,000 tons to 12,150 tons (Siddique et al., 2020). Butt et al. (2016) 

reported that USA alone produce three million tonnes of sawdust each year, most of which 

is used for landfills. Like rice husk, sawdust also affects the air, water, and soil chemistry 

of the environment, creating concerning issues in the way of sustainable development. 

The main components of both rice husk and sawdust are cellulose, hemicellulose, and 

lignin, respectively. According to Nayak and Mishra (2016), sawdust is composed of 

30.5% cellulose, 28.9% hemicellulose, and 16.4% lignin. Also, 1% of ash can be 

produced from sawdust according to that report. Similarly, 33% cellulose, 20% 

hemicellulose, 28% lignin, along with 3% silica, can be extracted from rice husk (Shen, 

2017). These materials can be extracted from the biomass for their potential applications. 

Cellulose is a product with a diverse application spectrum; on one hand, it can be used to 

produce bioethanol, addressing the energy crisis, also they have the applications in 
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wastewater treatment. Being carbon-based components, the materials can be used to 

produce biochar. The extracted silica and biochar can also be used for wastewater 

treatment besides their multiple potential applications, and lignin and hemicellulose can 

gain attention for their commercial valuation.  

In summary, these waste materials are creating concerning issues to the environment, but 

they can be investigated under the spotlight of research to address many existing 

problems. 

1.2. Water pollution as an environmental threat: 

India has access to 4% of the global water reserve and supports 18% of the world’s 

population. Being a developing country, India is undergoing massive urbanisation. 

Besides that, industrialisation is also increasing rapidly. Industries like pharmaceuticals, 

automotive, petrochemical, chemical, and other manufacturing industries are using a 

humongous quantity of water for different purposes (Roshan and Kumar, 2020). 

However, using a huge amount of water is not the only issue. Pollutants like hospital 

waste, domestic waste, industrial chemicals, pharmaceuticals, textiles, and pesticides also 

influence the water quality. So, the amount of usable water is decreasing day by day 

(Amaly et al., 2022). These contaminants can harm the environment and create a 

substantial impact (Rathi et al., 2021). 

The increasing population, industrialisation and urbanisation have created a rapid demand 

for synthetic dyes. It is estimated that 7x105 tons of dyes are produced annually (Wan et 

al., 2019). In a previous study, it is reported that most of the dyes are toxic (Bani-Atta, 

2022) and the industrial effluents containing dyes should be properly treated before 

discharge (Wang et al., 2020). Most of the dyes used in industries are reported to be 

carcinogenic, mutagenic, and responsible for endocrine disruption. They not only affect 

the microbial fauna of the environment but also affect plants and humans adversely. Also, 

the accumulation of dye in a water body can hinder the penetration of light and hamper 

the natural decontamination and photosynthesis (Chowdhury et al., 2011). 

Apart from dye, another type of pollutant contributing to water pollution is organic 

pollutants. Organic pollutants like naphthalene exhibit carcinogenic and mutagenic 

activities, with acute kidney injuries and poisoning properties. Organic pollutants can 

introduce genetic damage, chromosomal aberrations, sister chromatid exchange, and 

form kinetochore-negative micronuclei. It was also found that naphthalene can delay the 
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fluorescence of Chlorophyll-a of the pea plant (Lankin et al., 2014). Other organic 

pollutants, viz., drug molecules, lipid regulators, and hormones and enter the human body 

from contaminated water by bioaccumulation and damage the nervous system (Frank et 

al., 2005). Studies have reported the presence of organic pollutants in Europe (Wen et al., 

2017), Oceania (Tremblay et al., 2016), Asia (Lin et al., 2017), Africa (Edokpayi et al., 

2017), and America (Gilliom, 2007).  

One of the major organic pollutants, acenaphthene, is obtained by distillation from 

creosote oil. However, this extraction process has various drawbacks, like high energy 

consumption, a long production route, and strict operational conditions (Ye et al., 2016). 

This compound has a wide range of uses in the dye, pharmaceuticals, insecticides, and 

fungicides industries and causes environmental threats by settling in rivers, lakes, and 

ponds (Mallick, 2019). Apart from acenaphthene, another two major organic pollutants, 

viz., naphthalene and phenols, have been detected in water sources, sediments, and even 

in crustaceans (Jaward et al., 2012; Ozaki et al., 2019). 

Besides dye and organic pollutants, metals also act as significant pollutants for the water 

system. Lead, a heavy metal dominating the water pollution, was found to be responsible 

for neurological damage, developmental issues, and organ damage. Mercury is a highly 

toxic element, causing birth defects and kidney damage. Cadmium is responsible for bone 

demineralisation. Arsenic, one of the most toxic pollutants, can cause skin lesions, 

cardiovascular disease, and neurological effects. Chromium was also found to be highly 

toxic, causing respiratory problems, skin irritation, and cancer (Tchounwou et al., 2012). 

Water pollution is a focus of environmental research. Many techniques, viz., membrane 

filtration (Paredes et al., 2018), bioremediation (Torresi et al., 2019), adsorption, 

advanced oxidation (Altmann et al., 2015), etc., are being used over traditional methods 

to treat contaminated water. Among these processes, adsorption is the most cost-effective 

and easy to operate method at an industrial scale. But the adsorption process also has 

some disadvantages, like the desorption of the pollutant. 

So, it can be stated that, though adsorption is an effective process, some modifications in 

the traditional adsorption process are much needed for the sustainable and consistent 

treatment of water and remediation of current problems associated with this treatment 

process. 
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1.3. Energy crisis in India:  

Being the most populous country (More than 1 billion according to the 2023 report) of 

the world, India is facing continuous problems with the energy supply and planning for 

this huge and diverse population. Policymakers and the government are facing complex 

challenges and issues in managing the energy sector of this country. In recent years, the 

government of India has taken multiple steps to diversify and secure the energy future of 

the nation. One of the main factors influencing the increase in the Indian energy sector is 

the focus on renewable energy sources. The tradition of focusing on renewable energy in 

India was started in 1981, with the establishment of the Commission for Additional 

Sources of Energy (CASE), which led to the Department of Non-Conventional Energy 

Sources (DNES) in the year of 1982. Following that, a full-fledged ministry by the name 

of the Ministry of Non-Conventional Energy Sources (MNES) was established in 2006 

(Singh, 2017). Being a developing country and devoid of fossil fuel reserves, India is 

facing a serious energy shortage. Another dimension of this problem is energy security 

generated from the extreme dependency on external resources. On the other hand, a 

continuous growth rate of the population and a rapidly growing economy ensure a steep 

rate of growth of energy demand over the year.  

Though India has coal reserves, the quality of Indian coal is not very high due to high ash 

and moisture content. Also, the mining and extraction of coal is not a very eco-friendly 

process. More often, the coal mines are in areas with high forest cover or other 

environmentally sensitive zones. The mining activities can damage the ecosystems of 

those areas. Another issue is with the coal-fired thermal power plants. Though the coal is 

extracted for energy generation, the CO2 emitted from the power plants are causing 

serious harm to the environment. A thermal power plant with 1000 MW gross capacity 

and an efficiency of about 43% can consume coal at a rate of 400 tons/hr. and cause CO2 

emission at a rate of 800 tons/hr (Mishra, 2004). Other associated issues include SOX, 

NOX, and particulate matter (PM) emissions. Further, water pollution from waste heat, 

acid drainage from coal, soil contamination by ash, heavy metals, and leachates from 

landfills are other issues associated with coal-fired thermal power plants. 

A cleaner alternative to the fossil fuel family is oil and natural gas. However, its 

inadequate domestic reserve is the main obstacle in the way to utilising them as fuels. 

These reserves cannot compete with the rapidly increasing energy crisis in India, as 
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clarified from the reports disclosing and discussing the dependency of this country on 

imported crude oil. 

Another conventional energy source in India is the large hydro power project. Although, 

as pointed out by Briscoe (2005), India has developed only about 18% of its hydroelectric 

potential. Also, many negative environmental impacts and social damages are associated 

with these large hydro projects. Two of the most significant events of modern Indian 

history, “Narmada Bachao movement” and “Anti-Tehri Dam movement”, are associated 

with the protest against building large-scale hydropower projects on Narmada and 

Ganges, the two largest rivers of India. A work by Pandit and Grumbine (2012) put a 

spotlight on the devastating floods and landslides in Uttarakhand and suspected the 

interference in the flow of the Ganges River as the cause. 

Another factor contributing to finding the solution to the Indian energy crisis is the 

nuclear power plant. India's nuclear journey started in the 1960s with two units at the 

Tarapur Nuclear Power Plant. Since then, the nuclear power program has witnessed 

steady growth. The share of nuclear power in the total power consumption of this country 

is 3.53% (Jewell, 2011). However, after Fukushima, concerns have been raised among 

people about power plants under the shadow of scepticism. Keeping these issues in mind, 

the alternate energy sources are gaining more and more attention every day, and various 

sources are being investigated for energy production and optimisation. 

This research investigates the integration of waste biomass through sequential extraction 

of lignocellulosic materials using sonochemical treatment. The extracted compounds are 

converted into bioethanol and furfural, while the residual biomass is pyrolysed into 

biochar and silica. These materials were further engineered for pollutant adsorption from 

aquatic systems and combined with bacterial immobilisation for enhanced remediation. 

Process optimisation via Response Surface Methodology (RSM) and phytotoxicity 

assessments ensures environmental safety and scalability. 

 

 

 

 



7 
 

Chapter: 2 

REVIEW OF LITERATURE 

Various studies are being performed in the field of energy science and environmental 

management. With the development of society, resource scarcity and environmental 

damage by anthropogenic activity are becoming more and more prominent. As discussed 

in Chapter 1, the conventional methods of energy generation, waste management, and 

wastewater treatment have some serious drawbacks. Therefore, new research has been 

conducted to remediate the issues. Biotic solid wastes, specifically lignocellulosic 

biomass, are being explored as a precursor for both energy production and wastewater 

treatment to solve multiple issues at the same time. 

2.1. Lignocellulosic biomass to value-added products: 

Bioethanol and other eco-friendly substitutes to petroleum-derived fuels are being 

explored to minimise the dependency on fossil fuels (Gray et al., 2006). Much research 

is being conducted to boost the ethanol production from lignocellulosic biomass to 

establish this option as economically viable and competitive with conventional fuels. On 

an industrial scale, maize grain (starch) and sugarcane (sucrose) are considered as the raw 

material for bioethanol production, but both sources compete for land and affect food 

production. As the world population grows, the use of these food resources will increase 

the already-existing food and energy crisis (de Fraiture et al. 2008). As a result, 

lignocellulosic waste materials are being viewed as an appealing source for future ethanol 

supply and the extraction of value-added products. Various products, viz., cellulose, 

hemicellulose, lignin, silica, etc., can be extracted from the raw biomass and used for 

various purposes. 

2.1.1. Cellulose:  

Cellulose is the most available renewable polymeric material in the world that serves as 

the component of the cell wall of higher plants and marine organisms (Liu et al., 2020). 

Chemically, cellulose is a very stable polymer due to the presence of β-1,4-glycosidic 

bond, which acts as the linkage between D-glucopyranosyl units. In the structure, an 

abundance of hydroxyl groups in C2, C3, and C6 of glucose can be observed, which helps 

in the formation of hydrogen linkage within and between the monomers of cellulose fibre. 

This bond is an important contributor to the crystalline structure, structural integrity, and 



8 
 

physicochemical nature of cellulose (Moon et al., 2011; Wang et al., 2020). From 

studying the structural properties of plant cell walls, it was concluded that no single 

cellulose fibre exists in nature, and the length can vary depending on the source. 

Furthermore, many fine-tuned structures of cellulose, viz., elementary fibrils, 

microfibrils, and microfibrils, were developed inside the biological organisms, and the 

cellulosic structures were found to be combined with hemicellulose and lignin to form a 

complete cell wall (Sorieul et al., 2016). 

Due to the high abundance of cellulose, it is used for various purposes in the construction 

industry, wastewater treatment, pharmacology, and nano-material research. 

carboxymethyl cellulose (CMC) is a well-known compound for drilling and oil 

exploration (Aftab et al., 2017). The traditional fluid used in drilling causes 

environmental and safety hazards, hence, the usage of CMC as an additive reduces the 

problems and maintains the fluidity of the medium under high temperature and pressure. 

Another derivative of cellulose is polyanionic cellulose (PAC) with similar characteristics 

to CMC but high purity. From recent studies, it was found that PAC is a more efficient 

component for the drilling process (Bennion et al., 1998). Other than PAC and CMC, 

another component significant in the drilling process is hydroxyethyl cellulose (HEC). 

This component is not directly used in the drilling process but acts as a viscosizing agent 

(Caenn and Chillingar, 1996). Several studies had been conducted as well, and patents 

were filed about the fluid loss capacity of HEC. In the 1950s, Hurley developed a new 

form of cellulose, known as carboxymethyl hydroxyethyl cellulose (CMHEC) from 

cement slurry, that can reduce fluid loss as well as adjust the time of thickening (Hurley, 

1959). Another study reported the development of a high-temperature-resistant cement 

slurry containing 52.5% of HEC (Frederick et al., 1964). 

Apart from the application in the cement and drilling industry, the depolymerisation and 

treatment of cellulose opens numerous opportunities to develop new products and 

potential monomers. The depolymerisation of cellulose can be performed by the 

hydrolysis of the β-1,4-glycosidic bond and producing glucose. Various processes, viz., 

enzymatic degradation (Zhang et al., 2005), degradation in supercritical water (Sasaki et 

al., 2000) or acid-catalysed process (Climent et al., 2011) are used to break down the 

polymerisation of cellulose. Glucose, the most dominant monomer of cellulose, can be 

used for bioethanol production by fermentation (Sun et al., 2002). Furthermore, chemical 



9 
 

methods can be used to produce lactic acid, glucaric acid (Pamuk et al., 2001), and 

succinic acid (Delhomme et al., 2009). 

Cellulose also has an application in bioethanol synthesis by producing total reducing 

sugar (TRS) and fermentation. Amaefile et al. (2023) investigated the bioethanol 

production from sawdust and reported that the highest TRS yield was found to be 27.8 

g/100 g of biomass. Another study had reported that alkaline treatment of water hyacinth 

can produce cellulose up to 402 mg/g (Rezania et al., 2019). Ziaei-Rad et al. (2023) 

reported that 0.36 g sugar/g of biomass was observed in the case of wheat straw by 

treating the biomass at 130oC. Timung et al. (2016) reported a comparison between 

sugarcane bagasse and citronella biomass and found 452.27 mg/g and 487 mg/g of TRS, 

respectively, while treating them at 120oC. Bhattacharaya et al. (2011) reported that the 

removal of lignin and hemicellulose and decreasing cellulose crystallinity can improve 

hydrolysis yield significantly. It was observed that after sonication for 0.75% of sulphuric 

acid pretreatment media, wheat straw increased the TRS production by 14%, with the 

initial value of 38 g/kg. The effect of sonication was observed in a non-linear correlation 

with sonication time (Bhattacharyya et al., 2013). A study conducted by Nitayavardhana 

et al., (2008) reported that treating Cassava chips in an acetate buffer medium at 323K 

temperature and with 20 kHz sonication showed a 2.7-fold production yield compared to 

a non-sonicated medium. Bussemaker et al. (2013) treated wheat straw at 328K 

temperature with 40, 376, and 995 kHz sonication, respectively. It was found that the 40 

kHz frequency favoured the delignification process, whereas at 995 kHz, carbohydrate 

stabilisation was observed. 

Cellulose-based nanocomposites also have a wide range of uses. They are significant to 

replace synthetic polymers (Lavoine et al., 2012). It is also used for food packaging for 

its non-toxic nature and behaviour as a barrier to gas and water (Nair et al., 2014). They 

are also potential candidates in the electronics industry to enhance conductivity and 

flexibility (Razaq et al., 2012). These materials also have applications in drug and gene 

delivery (Sampath et al., 2017). Research has also reported that electrospun poly (e-

caprolactone)/nano cellulose composites have scaffold activities that can be used for 

tissue engineering (Si et al., 2016). 

The other two significant derivatives of cellulose are microcrystalline (MCC) and 

nanocrystalline (NCC) cellulose, respectively. MCC is a partially depolymerised version 
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of cellulose. A cellulose fibre composed of two parts, viz., the crystalline part and the 

amorphous part (Yang et al., 2019). The amorphous part of cellulose gets hydrolysed 

during acid treatment and forms the more crystalline MCC structure. This material is used 

as a filler, binder in the food industry, suspension stabiliser, viscosity regulator, and 

emulsifier (Trache et al., 2016). Various techniques, viz., physical, chemical, biological, 

and physico-chemical pre-treatment techniques, are used to extract MCC from the rest of 

the biomass (Agbor et al., 2011; Pandey et al., 2015). Also, to maintain the high purity, 

acid hydrolysis, neutralisation, and bleaching are conducted (Thoorens et al., 2015). 

Unlike MCC, NCC has a more pure, crystalline fine structure. They are rigid, rod-like 

crystals with a diameter ranging from 10 to a few hundred nm (Peng et al., 2011). The 

process used to produce NCC is acid hydrolysis. The amorphous regions break down due 

to the hydrolysis, releasing individual crystals (Ranby, 1951). 

2.1.2. Hemicellulose:  

Hemicellulose, another component of plant cells, was a polymer with various sugars, viz., 

pentose (such as arabinose, xylose), hexose (such as glucose, galactose, mannose) and 

sugar acids. Depending on their structure, hemicellulose can be classified into four 

different groups, viz., mannans, xylans, xyloglucans, and mixed-linked β-glucans. As 

discussed in section 2.1.1, it was found that cellulose is a homogeneous polymer; on the 

other hand, unlike cellulose, hemicellulose’s nature is highly dependent on its source. 

Hardwood hemicellulose mainly contains xylans; on the other hand, softwood 

hemicellulose is composed of glucomannans. Xylans are mainly composed of xylose 

monomers interlinked through β-(1,4)-linkages (Rennie and Scheller, 2014). It was also 

found that the compounds of the backbone are frequently accompanied by various 

carbohydrate monomers like glucose, xylose, glucuronic acid, and arabinose (Heinze and 

Liebert, 2012). 

Another type of hemicellulose is xyloglucans. The backbone of xyloglucans is made with 

D-glucopyranosyl residues. The residues are further replaced by oligosaccharides, viz., 

galactosyl, arabinofuranosyl, and arabinopyranosyl. In several plant species, the 

xyloglucans become more complex hemicellulose by substituting additional mono- and 

disaccharide chains for these side chains. This structure varies depending on the different 

stages of plant cell growth (Pauly and Keegstra, 2016). 
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Mannans are another type of hemicellulose, specifically hemicellulosic heteroglycans 

with complex structural characteristics. Mannans are responsible for maintaining the 

structure and storage of the plant cell wall (Ebringerova et al., 2005) and have a hydrogen 

bond connection to cellulose. Mannans further have four subtypes, viz., glucomannans, 

galactomannans, galactoglucomannans, and homomannans, respectively. Though the 

mannose backbone of galactoglucomannans and glucomannans exhibits interruption due 

to a non-repeated glucose pattern, in the case of homomannans and galactomannans is 

solely composed of mannose residues linked by β-1,4-linkages. It was also observed that 

galactose residues connected to the mannosyl backbone residue hinder polymer self-

aggregation (Qaseem et al., 2021). 

Hemicellulose extracted from lignocellulosic biomass is reported to be utilised to 

synthesise biofuels using microbes. One study reported the use of pentose-degrading 

organisms such as Pichia stipites and Candida shehatae to produce bioethanol from 

wheat straw-derived hemicellulose (Koti et al., 2016). Alongside, sodium xylene 

sulfonate was used to produce biobutanol from hemicellulose (Qi et al., 2019). Another 

study reported that Candida guilliermondii has been used to produce xylitol from rice 

straw hemicellulose hydrolysate (Roberto et al., 1996). 

2.1.3. Lignin: 

Another important cell wall component is lignin, which acts as the building block of the 

plant cell wall. Natural lignin consists of three monomers, viz., sinapyl alcohol (S-lignin), 

coniferyl alcohol (G-lignin), and p-coumaryl alcohol (H-lignin). These monomers are 

linked by a β-O-4 ether bond to form a stable structure (Rinaldi et al., 2016; Wang et al., 

2017). The % of this bond in the case of softwood is found to be 45-50%, and in the case 

of hardwood it increased to 60-62% (Rinaldi et al., 2016). It was found that the benzene 

rings of G- and H-lignin have more reactive sites, which are responsible for the reactivity 

of lignin in different chemical processes. Thus, softwood and grass lignin are more 

capable of participating in a chemical reaction (Kalami et al., 2018). 

Several methods have been studied to extract lignin from raw biomass, though the most 

efficient process is acid-alkali treatment. It was found that the chemical extraction process 

can produce more types of lignin structure, called technical lignin, which lacks the 

characteristics of naturally available lignin structures (Karthauser et al., 2021). During 

pretreatment, in an alkaline environment and elevated temperature, the kraft lignin 
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changes its structure, which decreases the yield (Crestini et al., 2017). To enhance the 

yield, different solvents, viz., alkaline hydrogen peroxide, are used. It was found that this 

process can be performed at a relatively lower temperature (70oC) with a higher yield 

(Zhang et al., 2015). Acid medium is also used to treat the lignocellulosic materials under 

the sulphide method. This process produces lignin, called lignosulphonates and has a 

relatively higher molecular weight than kraft lignin. Due to sulphonation at the α-

position, this lignin is soluble in water (Kai et al., 2016). For the non-wood species, the 

soda-pulping method is used, but no sulphur is utilised. Hence the main difference of this 

lignin with kraft lignin is a lower sulphur content (Wang et al., 2020; Kai et al., 2016). 

This structure of lignin provides an idea to cleave the lignin molecule in such a way that 

valuable products can be produced. This can be achieved by dissolving the lignin in 

organic solvents. The cleaved lignin, which is soluble in organic solvents, is known as 

organosolv lignin. Unlike technical lignin, whose structure is influenced by the severity 

of the treatment process, organosolv lignin is like natural lignin molecules (Kai et al., 

2016). 

Various products can be produced as by-products or derivatives from lignin. Phenolic 

compounds are one of the main by-products of lignin and have applications in the 

biopolymer, drug, and cosmetics industries. One of the most important and premium 

derivatives of lignin is vanillin (3-methoxy-4-hydroxybenzaldehyde), which is used as a 

flavouring agent. Another derivative of lignin is carbon fibre, a light and strong material 

which has several applications in the automotive industry (Brodin et al., 2009). 

2.1.4. Silica:  

Silica is one of the most important products extracted from lignocellulosic biomass. From 

previous studies and industrial performance, it was observed that rice husk contains about 

95% silica that can be extracted by combustion and leaching. This method solves the 

dumping problem of agro biomass as well as mitigates soil, water, and air pollution. 

Furthermore, after the extraction of silica, the biomass can be used as fertiliser in 

agriculture or as a strengthening agent in the cement industry. To extract silica on an 

industrial scale, leaching is used as the most efficient technique. Leaching can be defined 

as the extraction process of a substance from a solid mixture using a liquid as a separation 

medium. By using this process, silica precipitate forms as a solid and is collected. 



13 
 

To extract silica from rice husk, leaching plays a significant role. Under the conventional 

extraction procedure, pyrolysis of raw materials is performed, and the ash is digested 

using NaOH to convert the silicon fraction of biomass to sodium silicate (Na2SiO3), also 

known as water glass. Following that, the silicate salt reacts with HCl to precipitate out 

silica as a white solid substance. The modification and structural profile of silica present 

in the biomass depend on the pyrolysis temperature and time. At a temperature of 550oC-

800oC, the extracted silica consists of an amorphous structure and crystalline silica forms 

above this temperature (Chandrasekhar et al., 2006). 

Due to the high expense of the conventional method, agro biomass can be used as a viable 

raw material of silica with high purity and crystallinity, which has application in battery 

materials. Another silica material, aminated SiO2 (ASiO2), is produced from rice husk 

through the reaction with aminopropylthiethoxysilane and utilised for the removal of 

various contaminants from the environment. It was reported that ASiO2 is a great 

adsorbent of CO2, CH4, H2, and N2 from air. It was also seen that silica extracted from 

agro biomass is a great adsorbent of heavy metals. 

2.2. Aerogels as an emerging research focus: 

With the development of science, new and novel materials are being developed and 

investigated for their application potential. One of the main components to attract the 

attention of researchers, in recent times, is aerogel. With highly porous and open-cell 

structures, aerogels comprise microporous networks with interlocking nano-scale 

filaments with unique properties. Although considered solid materials, aerogels consist 

of 99.9% air by volume. The very low density (1 kg/m3), high porosity (~99%), low 

thermal conductivity (~0.01 W/mK), optical transparency (~99%), low refractive index 

(~1.05), and low dielectric constant (~1.0-2.0) aerogels are considered as both the novel 

and practical material (Fricke and Emmerling, 2005; Du et al., 2013). With exceptional 

properties and chemistry, aerogel can morph into different structural forms, which can be 

utilised for numerous applications (Makeli et al., 2016). 

Aerogel is produced using a sol-gel procedure and a drying technique to retain its highly 

porous three-dimensional network. The precursors of aerogel can be organic, inorganic, 

or hybrid molecules. Advanced studies have been conducted and have shown the great 

potential of aerogel to produce a clean environment through activities such as CO2 

adsorption and removal of contaminants from effluents. Removal of volatile organic 
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matter from water is an established field of aerogel research. In addition to typical 

aerogels, several additional forms, viz., biomass (Arboleda et al., 2013), silicon carbide 

(Shelmer et al., 2015), carbon, metal oxide and biopolymer aerogels have been 

developed. Recent applications of aerogels in space research are drawing the attention of 

the common people. Resorcinol formaldehyde (RF), carbonised resorcinol formaldehyde 

(CRF), non-silica aerogel, and aerogel composites are used for this purpose. The material 

was developed after 70 years the material was developed (Kistler, 1931; Pierre and 

Pajonk, 2002). Also, various novel non-silicon oxide aerogels, chalcogen aerogels, and 

gradient aerogels have been discovered as reported in previous studies (Du et al., 2013). 

The drying method of the hydrogel network is one of the determining factors of the 

properties of the final product. Most of the characteristics of aerogels and xerogels are 

similar, but some differences were observed depending on how the liquid evaporates 

(Livage et al., 1998). Traditionally, aerogels are produced by drying the hydrogels under 

supercritical conditions. However, nowadays, other processes are also being used; for 

example, the gels produced by using lyophilisation, formerly known as cryogels, are now 

referred to as aerogels with about 90% porosity. 

For the exceptional characteristics, these materials are being used as porous catalysts for 

chemical reactions, porous ceramics for filtration, and to design thermal insulators 

(Arboleda et al., 2013; Luyten et al., 2010; Menzel et al., 2012). The polymer aerogels, 

like StyrofoamTM, have applications to reduce oil spills for their sorption capacity 

(Korhonen et al., 2011). 

S. Kistler first invented aerogels in the 1930s by using the supercritical drying method. 

This process was focused on a multistep reaction and considered a silica-based compound 

as the precursor. Due to the complexity of the production process, the aerogels were 

ignored for the next thirty years. But in recent times, different types of aerogels, viz., SiO2 

(Pierre and Rigacci, 2011), TiO2 (Hirashima, 2011), Al2O3 (Baumann et al., 2005), and 

ZrO2 (Hammouda et al., 2011) have been developed. Apart from that, organic aerogels 

like polyurethane, polyimide, polystyrene, and resorcinol-formaldehyde (Mulik and 

Sotiriou-Leventis, 2011) are also being investigated. Also, carbon aerogels, like carbon, 

carbon nanotubes (Worsley et al., 2008), following cellulose (Rigacci and Achard, 2011), 

polysaccharides, various proteins, and more recently SiC-based aerogels (Maleki, 2016) 

are being developed. 
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An aerogel state material should be able to form a macroscopic monolith; it should have 

a fractal and hierarchical microstructure, where the main structure coexists; it should have 

a gel-like structure, usually composed of nanoscale coherent skeletons with pores; and it 

should randomly crosslink, usually because of non-crystalline matter. Aerogel needs to 

have different properties from solid, gas, or regular foam. For example, it should have a 

high specific surface area, and very wide adjustable ranges of density and refractive 

index, especially for silica aerogel, with very low relative density, and very high porosity. 

Various techniques such as electron microscopy, pore size analysis, small-angle X-ray 

scattering, and others could be employed to characterise the aerogel structure. Usually, 

specialised devices are used to measure the qualities. For instance, a dynamic 

thermomechanical analyser or an accurate universal testing machine in the compression 

or three-point bending mode might be used for the evaluation of the mechanical 

characteristics of the aerogels, such as the strength, modulus, loss tangent, and stress-

strain curve (Du et al., 2013). 

If silica aerogels are to be used as transparent window insulation materials and thermal 

superinsulation, their mechanical properties must be strengthened chemically without 

sacrificing their primary characteristics. One significant benefit of using silica aerogels 

for these kinds of high-value technical applications is their transparency. A double-step 

procedure applied to the wet gel before the supercritical drying stage can achieve this 

purpose. To be utilised sustainably, silica aerogels need to have high hydrophobic 

characteristics that hold up over time when they are in the water (Pierre and Pajonk, 

2002). A previous study proceeded with their research by hydrolysing 

methyltrimethoxysilane (MTMS) and tetramethyl orthosilicate (TMOS) under basic 

circumstances and then supercritical drying them in methanol, hydrophobic aerogels can 

be produced. The authors discovered that aerogels containing more than 20% MTMS 

were hydrophobic because they floated on water under these high-temperature drying 

circumstances, which resulted in a dehydrated aerogel surface. Nevertheless, the degree 

of silica condensation decreased with increasing MTMS content. There was a quasi-two-

step gelation process since the condensation and hydrolysis rates of MTMS are 

substantially lower than TMOS. 

The thermal conductivity of monolithic organic aerogel is like silica aerogel at room 

temperature. However, compared to silica aerogel, the advantages of monolithic aerogel 

are their properties like is less brittle, and with temperature increase, the radiation 
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component is minimised. Therefore, polyurethane aerogel, which is made in CH2Cl2, has 

low thermal conductivity and is non-transparent. As a result, they are regarded as novel 

insulators for the appliance sector, where energy standards are getting stricter (Biesmans 

et al., 1998). Organic precursors are even more readily able to form organic polymers on 

-(C-C)-covalent bonds than silica precursors. As a result, they enabled the synthesis of an 

intriguing new class of monolithic aerogels, comprising aerogel particles generated by 

the sol-gel-emulsion approach that range in size from sub-micrometres to several hundred 

micrometres (Lee et al., 1998). Among these materials, melamine-formaldehyde (MF) 

and resorcinol-formaldehyde (RF) aerogels have been investigated the most. They can be 

made by polycondensing melamine or resorcinol with formaldehyde in an aqueous 

solution that is somewhat basic. Sodium hydrogen carbonate or sodium hydroxide is 

frequently used as a catalyst for gelation. Phenolic-furfural (PF) combinations with poly 

(dimethyl siloxane) (PDMS), 2,3-didecyloxyanthracene (DDOA) with ethanol or 

supercritical CO2 as the solvent, polyacrylonitrile (PAN), or polyisocyanates are other 

significant precursors used to create organic aerogels (Pierre and Pajonk, 2002). The latter 

gels have a wide range of practical applications. Under both ambient and evacuated 

conditions, they may be processed into novel thermal insulation materials with good 

insulation qualities. These substances can be processed to create polyurethane imines, 

polyureas, polyisocyanurate (PIR) aerogels, and extensively cross-linked polyurethanes 

(PUR). CH2Cl2 can be used as a solvent with polyurethanes and swaps directly with 

supercritical CO2. The resultant organic aerogels lack transparency. They have a 

particular surface area of about 300 m2/g with an overall 0.24 g/cm3 density. It is possible 

to create aerogels that are optically clear by using aqueous melamine formaldehyde 

solutions (Biesmans et al., 1998). 

One technique for producing organic aerogel, like carbon aerogel, is pyrolysis at 

temperatures higher than 500°C. This process can convert the organic aerogel into a 

carbon network that conducts electricity. The carbon aerogel that is produced from RF 

aerogel by the pyrolysis process maintains its high specific surface area of 400–800 m2/g 

and enormous specific mesopore volume of >0.55 cm3/g, in addition to the isotherms of 

its parent organic aerogel, which exhibit a hysteresis loop (Tamon et al., 1999; Zhang et 

al., 1999). Fractal structures were not observed in carbon aerogels until recently. A 

distinct type of carbon aerogel has been developed that exhibits mass fractality with a 2.5 

mass fractal exponent. It was achieved by the gelation of resorcinol-formaldehyde in 
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acetone and perchloric acid or sodium carbonate catalysis. Furthermore, unlike all other 

carbon aerogels (generally mesoporous), this type of carbon aerogel has a bimodal 

distribution of pores with micro- and macro-pores (Pierre and Pajonk, 2002). 

2.3. Adsorption technologies in wastewater treatment: 

 The large amount of wastewater discharge from industries and municipalities has raised 

a big concern amongst the aquatic ecosystem and is affecting the environment adversely, 

including soil and biosphere. Among all the pollutants, getting rid of organic pollutants 

is the trickiest part of environmental remediation. Several processes, viz., adsorption, 

chemical and biological treatment, photocatalysis, advanced oxidation, and membrane 

filtration, are being used to remediate the problems (Maleki, 2016). The removal of 

pollutants from wastewater has been previously studied in various research (Hessel et al., 

2007; Singh and Singh, 2017). Removal of pollutants from water is important due to 

various reasons, viz., they are harmful to the environment and health, and they have 

carcinogenic and mutagenic properties. Specifically for dyes, an inhibition in 

photosynthesis in the aquatic environment was observed, affecting the water quality 

(Chikri et al., 2020; Crini, 2006).  

Throughout recent years, numerous investigations have been performed to find out the 

most ideal process for wastewater treatment. Though many technologies were explored 

for this issue, only a small fraction of them are implemented by the concerned industries 

due to the limitations they possess (Katheresan et al., 2018). The techniques available for 

wastewater treatment are broadly divided into three categories, viz., physical, chemical, 

and biological treatment processes. Under the mentioned categories, there are many 

techniques for pollutant removal, such as coagulation, adsorption, chemical oxidation, 

membrane separation, electrochemical process, aerobic and anaerobic microbial 

degradation. Each of the processes has its advantages and disadvantages (Ghoreishi et al., 

2003). 

The term “adsorption” was first coined by the German physicist Heinrich Kayser in the 

year of 1881 (Choudhary, 2017). Over the past decade, a bloom was observed in the 

application of adsorption for wastewater treatment. This process is accepted over any 

other method because of its simple design, operation, cost-effectiveness, and energy 

efficiency (Tan and Hameed, 2017). As defined, adsorption is a mass transfer process of 

atoms, ions, or molecules of a gas or liquid phase to form a monolayer or multilayer on 
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the adsorbent surface. It indicates the preparation of bonds by the atoms or molecules 

sing physical or chemical forces. In practice, adsorption is performed as an operation in 

a batch or continuous mode in a packed bed column of porous adsorbent (Abebe et al., 

2018). 

Like surface tension, adsorption is a consequence of surface energy. In a bulk material, 

all the requirements to form a bond of an atom in a material are fulfilled by other atoms. 

Depending upon the nature of the bond, adsorption is divided into two categories, viz., 

physisorption and chemisorption. The nature of adsorption depends on the nature of 

pollutants.  

Depending on the nature of adsorbents, it can be divided into two categories, viz., 

conventional and non-conventional adsorbents (Sukmana et al., 2021). Conventional 

adsorbents are widely used in commercial purposes, industrial sectors, and even on a 

laboratory scale. Activated carbon, zeolite, alumina, silica gels, and ion-exchange resins 

are common examples of this type of adsorbent. Activated carbon is an excellent 

component for pollutant removal for wastewater, and the main benefit of this type of 

adsorbent is that they do not produce any by-products (Crini et al., 2019). Research 

conducted by Feng et al. (2012) reported that ascorbic acid-coated Fe3O4 can remove 

arsenic from water. The study shows that the maximum adsorption capacity for As (III) 

and As (V) was 46.09 mg.g-1 and 16.56 mg.g-1 respectively. Another study performed by 

Mahmoud et al. (2016) used MgO nanoparticles and found that they can remove Remazol 

Red RB-133 from water solution. Wang et al. (2019) observed the use of Polyaniline/TiO2 

as an adsorbent to remove methylene blue from wastewater. This study reported that the 

highest removal of the dye was about 99%. 

The non-conventional or natural adsorbents are produced from natural materials or 

industrial waste (Gupta and Suhas, 2009). For example, agricultural wastes are globally 

available adsorbents (Adegoke and Bello, 2015) and are rich with functional groups (da 

Rocha et al., 2020). The natural adsorbents are being studied to make them an alternative 

to conventional adsorbents (Martini et al., 2020) and are in increased demand due to their 

low cost and high adsorption rate (Mathurasa and Damrongsiri, 2018; Mo et al., 2018). 

Bellahsen et al. (2021) showed that the use of pomegranate peel powder achieved 97% 

removal of ammonium. On the other hand, Baby et al. (2019) used palm kernel shell as 

an adsorbent to remove heavy metals from water. The result showed that for Pb2+, Cr6+, 
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Cd2+, and Zn2+, the adsorbent achieved 49.64 mg.g-1, 49.55 mg.g-1, 43.12 mg.g-1, and 

41.72 mg.g-1, adsorption capacity respectively. 

Zulkania et al. (2020) found the application of phosphoric acid-activated carbon produced 

from palm fibre waste to remove methylene blue from water solution and reported a 

removal of 99.84%. The modification of rice husk was investigated by Phan et al. (2019). 

The Triamine-activated rice husk ash was found to remove the NO3
- ion from water and 

was recycled up to 10 cycles. 

2.4. Aerogels in wastewater treatment: 

Apart from the conventional and natural adsorbents, aerogels are also being used as an 

efficient adsorbent due to their unique properties. Based on studies conducted by Liu et 

al. (2009), hydrophobic silica aerogel can have high adsorption capacity towards organic 

compounds that have poor solubility, whereas hydrophilic silica aerogels have shown 

more efficiency towards organic molecules that are soluble in water and are adsorbed. 

The hydrophobic silica aerogel granule (Nanogel) was produced by Cabot Corporation 

by hydrophobizing silica with trimethylsilyl groups (TMS). Using an inverse fluidized 

setup, it was checked for the application of the aerogel for emulsified oil removal from 

stable oil-in-water emulsions was checked. The main factors that influence Nanogel’s 

capacity to adsorb oil in inverse fluidised beds were bed height, fluid surface velocity, 

emulsifier percentage in the oil-in-water emulsion, and the nanogel granule size. The 

produced nanogel particles have an oil-absorbing capacity ranging up to 2.8 times more 

than their weight (Maleki, 2016; D. Wang et al., 2010). Recent studies have shown the 

potential of carbon aerogels (Worsley et al., 2008), like carbon nanotubes, carbon fibre, 

carbon micro belt, as well as graphene aerogel. Like silica aerogels, these materials also 

displayed remarkable features in the form of three-dimensional (3d) structures, including 

high porosity, large specific surface area, low density, and surface hydrophobicity, which 

made them an effective medium for oil adsorption. Aerogels made from twisted carbon 

fibres, for instance, have a maximum sorption capacity of around 192 times the weight 

of the aerogel and may absorb a significant amount of organic chemicals and oils (Bi et 

al., 2013). Furthermore, several organics and oils were absorbed by the CNT aerogels 

with a great porosity of 99%, with exceptional specificity and absorption efficiencies 

exceeding 180 times their weight (Gui et al., 2010). However, carbon aerogels are 

expensive, hazardous, and complicated, making scale production impractical. A cheap, 
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sustainable, and environmentally friendly alternative is developed using vegetable-

derived biomass. 

Research by Li et al. has shown that hydrophobic watermelon carbon aerogel (WCA) 

could be prepared at low density and adsorb several types of organic solvents in addition 

to oils. WCA can absorb organic solvents and oils up to 16–50 times its weight. 

Distillation was utilised to recover the pollutants and regenerate WCA. After five cycles 

of absorption and harvesting, WCA's capacity for absorption of organic solvents and low-

boiling-point oils may recover to around 100% of its original value (Li et al., 2014). To 

remove dangerous organic compounds and for oil-cleaning applications, a composite 

aerogel with improved mechanical compressibility and hydrophobicity, because of the 

combined action of its constituent elements, was also taken into consideration. In the 

study based on Sai et al. (2013), a composite aerogel was created using an interconnected 

network of bacterial cellulose and silica aerogel. It showed a high contact angle of 133°, 

and a high surface area of 734.1 m2 g-1, with an improved modulus of elasticity of 4.15 

MPa. The produced composite aerogels showed a great absorption of vegetable oil 

without breaking down or losing their structural integrity. 

Another very concerning issue and a major burden is the contamination of water and 

wastewater is the presence of heavy metals that are generated from industrial effluents 

and discharges. Heavy metals include copper (Cu), mercury (Hg), chromium (Cr), lead 

(Pb), manganese (Mn), zinc (Zn), iron (Fe), nickel (Ni), etc. which are known for their 

toxic nature and causing serious health damages to kidney, liver, and other organs, further, 

they are also non-biodegradable for the environment (Li et al., 2013). Hence, it is essential 

to address the heavy metals in the water that are coming from contaminated water 

resources. Heavy metal ions have been removed from wastewater using a variety of 

methods, including filtering, ion exchange, membrane separation, precipitation, reverse 

osmosis, and other biological processes. Nevertheless, problems with high energy 

consumption, operating expenses, and implementation difficulties have led to 

comparatively subpar outcomes, such as low removal concentrations of heavy metal ions 

and a failure to fulfil process safety and convenience standards. Active carbon's enormous 

surface area and porous network make it a well-investigated material for heavy metal ion 

adsorption. However, regeneration is hampered by physical adsorption and low capacity 

(Maleki, 2016). Therefore, a novel adsorbent class is needed for effective, long-term 

removal from water sources. 
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2.5. Formation of research questions:  

The following research questions were formed from the literature review and were 

investigated during this study: 

a. How can hemicellulose, cellulose, and lignin extracted from waste biomass via 

sonochemical pretreatment be converted into bioethanol and furfural for energy 

production? 

b. How can the extracted cellulose, silica, and produced biochar composites be utilised 

for aerogel synthesis and environmental remediation? 

c. What are the ecological impacts associated with these processes? 

The overall research process followed to find the answers to the mentioned research 

questions is presented in Fig. 2.1. 
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Figure 2.1: Overall workflow diagram of conducted research work 
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Chapter: 3 

OBJECTIVE OF THE RESEARCH 

3.1. Objective of the Research work: Based on the literature review (Chapter 2) and 

recent research trends, the objectives of this study were selected and are listed below: 

1. To extract cellulose, hemicellulose, and lignin from waste biomass and characterise the 

extracted components. 

2. To synthesise bioethanol and furfural from cellulose. 

3. To produce biochar and silica from residual biomass and fabricate PVA aerogels loaded 

with cellulose, biochar, and silica for pollutant adsorption. 

4. To immobilise pollutant-degrading bacteria in aerogels and compare remediation 

efficiency with a standalone system. 

3.2. Novelty of the work:  

The novelty of this research work has been identified and discussed below: 

a. Multi-stage valorisation: This study combines chemical pretreatment, sonication, 

pyrolysis, and sol-gel methods to extract and repurpose all lignocellulosic fractions, 

minimising waste. 

b. Hybrid applications: This study integrates energy production with environmental 

remediation, addressing both the energy crisis and water pollution. 

c. Eco-toxicology focus: This study includes phytotoxicity assessments post-

remediation, ensuring practical applicability and safety, an underexplored area in 

biomass-derived materials research. 
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Chapter: 4 

PREPARATION OF VALUE-ADDED PRODUCTS FROM 

LIGNOCELLULOSIC BIOMASS 

4.1. Introduction:  

Lignocellulosic biomass is the most available raw material for biofuel production, and 

being a second-generation product, this biomass does not compete with food crops. 

Large-scale biomass processing mainly focuses on two sectors, biofuels and bioenergy 

(Chaturvedi et al., 2022). Though these materials significantly affect the production of 

cleaner energy, the production of biomass-derived value-added products faces different 

limitations. The derivation of a single product from a single biomass is the main scheme 

of biomass valorisation, but it also leads towards a contemporary biobased approach. On 

the other hand, processing of multiple biomass leads to multiple bio-based products, 

including but not limited to biofuels, biochemicals, bioenergy, and high-value by-

products. Rice is India's main food crop, and rice husk (RH) production in this nation is 

significant. Worldwide, 50% of the total rice husk produced originates in India. 

Rice husk is one of the most common by-products of rice production. After the grain is 

collected, the husk biomass is mainly discarded as garbage. This biomass is difficult to 

break down and takes up much landfill space due to its low density. A portion of this 

waste is used to feed domestic cattle, but most is thrown away without proper disposal. 

Nowadays, the majority of rice husk is burnt for energy generation (Yam and Mak, 2014), 

though the ash residue after burning contains a major amount of silica and poses a threat 

to the environment (Zhang et al., 2015). The exterior surface of rice husk comprises a 

significant amount of inorganic silica (2-5 wt%), and the interior layer is mostly made up 

of lignin (28%) and cellulose (33%) with vascular bundles that serve as a root for nutrient 

and water transfer. In some recent studies, rice husk has been identified as a valuable raw 

material to extract different products (Moayedi et al., 2019), viz., silica, silicon carbide, 

and permeable carbon (Shi et al., 2019). 

Another waste material with high potential is sawdust (SD). In the timber processing 

industry, raw timber goes through a variety of stages. From ripping the wood to 

transportable size, cutting it to give the desired shape, mortising, and polishing produce 

a large amount of sawdust as waste in each stage. The industry introduces various 
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machinery and manual labour to achieve the desired product from raw timber. Due to the 

high precision of the machines and modern infrastructure, developed countries produce 

more sawdust than developing nations (Shigehisa et al., 2014). With the advancement of 

technology, sawdust is becoming a concern for the environment. Burning of this material 

can lead to acid rain and the production of greenhouse gases. On the other hand, without 

proper disposal, sawdust can affect the soil and water chemistry (Rominiyi et al., 2017). 

Apart from the problems associated with rice husk and sawdust, there are many 

approaches to extracting different products from these materials. This approach not only 

remediates the environmental issues but also promotes cleaner energy production, and 

the derivation of different valuable products and positively affects the world economy. In 

this study, the potential of sawdust and rice husk to produce bio alcohol and the extraction 

of cellulose, lignin, and hemicellulose in a single process will be investigated. The effect 

of different parameters, viz., the nature and concentration of pre-treatment media, 

sonication, reaction time, material’s dose, pH, and temperature, will also be studied. The 

effect of these parameters on the production of different by-products, viz., furfural and 

xylan, will also be investigated. 

4.2. Materials and Methods:  

4.2.1. Materials: Rice rusk and sawdust were considered raw materials for this study. 

The raw materials were collected from the local rice mill and sawmill, respectively, in 

Dhaniakhali, a village in Hooghly district, West Bengal, India. Sodium hydroxide 

(NaOH), sulphuric acid (H2SO4), hydrochloric acid (HCl), anthrone reagent, 3,5-

dinitrosalicylic acid, Furfural, cellulose, and xylan were purchased from Merck 

(Germany). Dextrose, ammonium sulphate, ethanol, sodium nitrate, magnesium sulphate 

heptahydrate, ferrous sulphate, potassium chloride, sodium sulphite, dipotassium 

hydrogen phosphate, magnesium chloride, potassium dihydrogen phosphate, nutrient 

broth, agar, yeast extract, Czapek dox broth, and peptone were purchased from HiMedia 

(India) and used as received. 

4.2.2. Pre-processing of biomass: The collected sawdust and rice husk were ground with 

a mixture grinder to reduce the particle size of the materials. After that, the ground 

biomass was cleaned with deionised (DI) water and dried under natural sunlight for three 

days. After the materials are completely dry, they are collected and stored in a dry 

container. 



26 
 

4.2.3. Pretreatment of biomass and cellulose extraction: In this study chemical 

pretreatment method was used to extract products from the raw materials. Two different 

pre-treatment media, viz., alkaline and acidic, with different concentrations, were used. 

For alkaline treatment, NaOH solution was used in three different concentrations, viz., 

2%, 4%, and 6% (w/v). To make 100 mL of the solution, the desired weight of NaOH 

was measured using a weighing machine (Sartorius, Germany) and dissolved in 90 mL 

of DI water on a magnetic stirrer. After the solution was prepared, it was poured into a 

volumetric flask, and DI water was added for volume makeup. Similarly, for acid 

treatment, H2SO4 (95%) was mixed with DI water and stirred on a magnetic stirrer. Three 

different concentrations of H2SO4, viz., 2%, 4%, and 6% (v/v), were used in this study. 1 

g of raw material was measured by a weighing machine (Sartorius, Germany) and mixed 

with 100 mL of pretreatment media into an Erlenmeyer flask. The mixture was stirred for 

1 hour at 364 K on a magnetic stirrer, followed by 30 min. of sonication in a bath sonicator 

(LMUC-4, Labman, India) at 40 KHz. After sonication, the samples were treated on a 

magnetic stirrer for 30 min. After the treatment was complete, the solid residue was 

collected by filtration (Whatman-10), consisting of cellulose in its composition. The 

pretreated biomass was then washed with DI water to neutralise the pH. After 

neutralisation, the treated biomass was dried in a hot air oven at 334 K and collected after 

drying. Another set of the described experiments was conducted following the same 

process but without sonication. An anthrone test was used (mentioned in section 4.2.4) to 

estimate the cellulose content present in the pretreated biomass (Ghosh et al., 2024).  

4.2.4. Anthrone test: The anthrone test was performed to estimate the cellulose content 

in the pre-treated biomass. In this test, the cellulose reacts with concentrated sulfuric acid 

and produces furfural. Following that, the produced furfural reacts with anthrone reagent, 

and a bluish-green complex appears in the solution. The intensity of this complex can be 

measured by a UV-Vis spectrophotometer. 

4.2.4.1. Reagent preparation: To produce the anthrone reagent solution, 200 mg of 

anthrone reagent was measured on a weighing machine (Sartorius, Germany) and mixed 

with 100 mL of ice-cold sulphuric acid (95%) in an Erlenmeyer flask using a glass rod. 

This solution was prepared fresh and stored in a refrigerator for 2 hours before use. On 

the other hand, concentrated sulphuric acid (95%) was mixed with DI water in another 

Erlenmeyer flask to make the concentration 67%. 
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For the standard curve, commercially purchased cellulose was dissolved in DI water, and 

a solution of 100mg/L concentration was prepared. The stock solution was further diluted 

to prepare the concentrations of 1 mg/L, 10 mg/L, and 50 mg/L, respectively. 

4.2.4.2. Experiment: 0.1 g of each pretreated biomass was taken, and 10 mL of 67% 

H2SO4 was added to the samples. This mixture was kept at room temperature for 1 hour. 

After 1 hour, 1 mL of the mentioned solution was taken and diluted to 100 mL by adding 

DI water. 1 mL of this newly prepared solution was added to 10 mL of anthrone reagent 

solution and thoroughly mixed. After mixing, the test tubes were heated in a water bath 

for 15 min, and the development of a bluish-green colour solution was observed. The 

solution was cooled down, and the absorbance was measured using a UV-Vis 

spectrophotometer (PerkinElmer, USA) at 630 nm (Ghosh et al., 2024). 

4.2.5. Hemicellulose extraction: After the separation of cellulose (section 4.2.3), the 

collected hydrolysate was studied to extract hemicellulose from the media. In a storage 

bottle, 25 mL of hydrolysate was mixed with ethyl alcohol (70%) in a 1:1 (v/v) ratio and 

stored for 24 hours without agitation or stress. After 24 hours, a brown precipitate of 

hemicellulose was observed at the bottom of the container. The hydrolysate part was then 

separated by centrifugation (RM-12C, Remi, India), and the brown precipitate was dried 

in a hot air oven at 334 K (Ghosh et al., 2024). 

4.2.6. Lignin extraction: The hydrolysate collected after hemicellulose extraction was 

again treated with concentrated HCl until the pH reached 3.5. The pH of the solution was 

monitored by a pH meter (TestR-35, Eutech, USA). After adjusting the pH, the solution 

was stored in a storage bottle for 24 hours. An opaque white precipitate of lignin was 

observed in the solution. The precipitate was separated from the liquid hydrolysate by 

centrifugation (RM-12C, Remi, India) and dried in a hot air oven at 334 K (Ghosh et al., 

2024). 

4.2.7. Estimation of xylan content: The hydrolysate after lignin extraction was analysed 

by a UV-Vis spectrophotometer (PerkinElmer, USA) to estimate the xylan content in the 

media. The standard solutions were prepared by using commercially purchased xylan. 

100 mg of the xylan was measured by using a weighing machine (Sartorius, Germany) 

and dissolved in 500 mL of water. After the solution was prepared, it was poured into a 

volumetric flask, and water was added to make the volume 1 L. Other standard solutions, 
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viz., 10 mg/L and 1 mg/L, are made by diluting the stock solution. The xylan content 

present in the sample was measured at 275 nm absorption spectra (Ghosh et al., 2024). 

4.2.8. Production of bioethanol: The previously extracted cellulose (mentioned in 

section 4.2.3) from biomass was considered as the raw material for bioethanol production. 

The method of ethanol production followed in this study was microbial fermentation. 

Microbial strains, Saccharomyces cerevisiae (MTCC 170) and Aspergillus sp. 

(Genebank: MH119104), were used in this experiment. 

4.2.8.1. Saccharification of biomass: Saccharification is the breaking down of complex 

carbohydrate structures (i.e. cellulose) to simpler reducing sugars (i.e. dextrose). In this 

experiment, living Aspergillus sp. fungus was used to break down cellulose by its 

cellulase enzyme, which is present in the fungal cell and is important for its biochemical 

pathways. The detailed process of the mentioned experiment is described below. 

4.2.8.1.1. Preparation of microbial culture: The Czapek Dox broth media was prepared 

by dissolving 3.5 g of Czapek Dox media powder in 100 mL of DI water in an Erlenmeyer 

flask and the pH of the media was measured by using a pH meter (TestR-35, Eutech, 

USA) and adjusted at 7.2 using 0.1 (M) NaOH and 0.1 (M) HCl buffer solutions. The 

media were sterilised using an autoclave at 394 K temperature and 15 psi pressure. After 

sterilisation, the media were cooled down to room temperature and placed inside a 

laminar airflow chamber. 0.1 mL of the previously isolated Aspergillus sp. strain was 

used to inoculate 100 mL of broth. The inoculated media was incubated for 7 days in a 

BOD shaker incubator (Remi) at 303 K temperature. On the other hand, Czapek Dox agar 

media was prepared by dissolving purchased Czapek Dox powder and agar powder (20 

g/L) in 100 mL of DI water. pH of the media was measured by using a pH meter (TestR-

35, Eutech, USA) and adjusted to 7.2 using 0.1 (M) NaOH and 0.1 (M) HCl buffer 

solutions. The media were also sterilised following the previously mentioned conditions. 

After sterilisation, the Czapek Dox agar plate was prepared with the sterilised agar media 

and sterilised Petri plates. The plates were placed inside a laminar airflow chamber for 

solidification and to avoid any contamination. After the plates were ready, 0.1 mL of the 

previously incubated Aspergillus sp. culture was used to inoculate the plates by the spread 

plate method. This plate was incubated for seven days in a BOD shaker incubator (Remi, 

India) at 303 K. After the incubation of the plates, another Czepek Dox broth media was 

prepared and sterilised while maintaining pH. A single Aspergillus sp. colony was 
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collected from the incubated plate, and the freshly prepared broth media was inoculated 

and incubated under the same conditions. This broth medium was used for the 

saccharification of biomass. 

4.2.8.1.2. Minimal media preparation: Sodium nitrate (0.2 g/ 100 mL), potassium 

chloride (0.05 g/ 100 mL), magnesium sulphate (0.05 g/ 100 mL), ferrous sulphate (0.001 

g/ 100 mL), dipotassium hydrogen phosphate (0.1 g/ 100 mL), and peptone (2 g/ 100 mL) 

was measured in a weighing machine (Sartorius, Germany) and mixed with 90 mL DI 

water in an Erlenmeyer flask to prepare the minimal media. After the solution was 

prepared, water was added to make the volume 100 mL. 1 g of pretreated biomass was 

added to the media. While adjusting the pH to 7 stirred on a magnetic stirrer for 15 min 

and sterilised at 394 K under 15 psi pressure using an autoclave. After sterilisation, the 

flask was placed in a laminar airflow chamber to avoid any contamination. 

4.2.8.1.3. Microbial inoculation and experiment: The prepared fresh culture was used 

to inoculate the minimal media. 1 mL of the Aspergillus sp. culture was pipetted out by 

using a micropipette and added to the minimal media containing treated biomass. This 

culture was also incubated for seven days in a BOD shaker incubator (Remi, India) at 303 

K temperature. After the incubation period, the flasks with microbe culture were sterilised 

at 394 K under 15 psi pressure using an autoclave and cooled down to room temperature. 

Different experimental parameters, viz., inoculation time (5 days- 10 days), pH of the 

medium (4-10), temperature (298 K- 313 K), microbial dose (1 mL/100 mL- 3 mL/100 

mL), and substrate concentration (1 g/100 mL -3 g/100 mL) were varied to study their 

effect on the reducing sugar production. Total reducing sugar (TRS) content analysis was 

performed by the DNS method to estimate the concentration of reducing sugar after 

saccharification (mentioned in section 4.2.8.2).  

4.2.8.2. Total reducing sugar (TRS) content estimation: The TRS content in the 

saccharified media was estimated by the 3,5-Dinitrosalicylic acid (DNS) method. 

Because of their structure, DNS can detect the presence of a free carbonyl group present 

in the reducing sugar molecule and take part in a redox reaction. In this reaction, oxidation 

of the ketone functional group (in the case of fructose) and aldehyde functional group (in 

the case of glucose) occurred, and the DNSA molecule was reduced to 3-amino-5-

nitrosalicylic acid (ANS) that developed a reddish-brown colour in the solution. The 
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maximum absorbance of this solution was found at a wavelength of 540 nm in a UV-Vis 

spectrophotometer (PerkinElmer, USA) (Ghosh et al., 2024). 

4.2.8.2.1. Reagent preparation: To prepare the DNS solution, 1 g of DNS, 200 mg of 

crystalline phenol, and 50 mg of sodium sulphite were measured on a weighing machine 

(Sartorius, Germany) and mixed with 100 mL of 1% NaOH solution under continuous 

stirring. 

Sodium-potassium tartrate solution was prepared by dissolving 40 g of sodium-potassium 

tartrate in 100 mL of DI water. 

4.2.8.2.2. Experiment: After the saccharification was complete, 1 mL of the hydrolysate 

was collected in a test tube, and 2 mL of DI water was added to it. Following that, 3 mL 

of DNS solution was added to each sample and mixed thoroughly. After mixing, the test 

tubes were heated for 10 min. As the heating was complete, the solutions were cooled 

down to room temperature, and 1 mL of 40% sodium-potassium tartrate solution was 

added to each test tube. As the reddish-brown colour developed, the absorbance was 

recorded by a UV-Vis spectrophotometer (PerkinElmer, USA) at 540 nm (Ghosh et al., 

2024). 

4.2.8.3. Fermentation: Fermentation is the last step of bioethanol production from 

lignocellulosic biomass. In this process, a microbe (in this study, Saccharomyces 

cerevisiae) is used to break down the produced reducing sugar into ethanol under 

anaerobic conditions. A detailed description of this study is given below. 

4.2.8.3.1. Preparation of microbial culture: For the preparation of Saccharomyces 

cerevisiae culture, which was purchased from MTCC, Yeast Extract-Peptone-Dextrose 

(YEPD) media was used. To prepare this media, yeast extract (10 g/L), peptone (20 g/L), 

and dextrose (15 g/L) were mixed with 100 mL of DI water inside an Erlenmeyer flask 

and stirred for 15 min. pH of the media was adjusted at 7 by using a pH meter (TestR-35, 

Eutech, USA) and 0.1 (M) NaOH and HCl buffer solutions respectively.  After the 

solution was prepared, it was sterilised at 393 K under 15 psi pressure along with 100 mL 

of DI water using an autoclave. After sterilisation, the media were cooled down to room 

temperature and inoculated with the Saccharomyces cerevisiae strain. For this 

inoculation, the powdered bacterial sample was dissolved in the sterilised water, and 1 

mL of the water was collected with a sterilised micropipette. This collected DI water, 

containing bacteria, was used for the inoculation of the YEPD media. This inoculated 
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media was incubated in a BOD shaker incubator (Remi, India) for five days at 303 K 

temperature. After incubation, another YEPD medium was prepared with the same 

composition mentioned previously and bacterial agar (20 g/L). These chemicals were 

mixed in an Erlenmeyer flask and stirred on a magnetic stirrer to prepare the solution. pH 

of the media was maintained by using a pH meter (TestR-35, Eutech, USA) and adjusted 

to 7 using 0.1 (M) NaOH and 0.1 (M) HCl buffer solutions and buffer solutions. 

Following that, the YEPD media was sterilised at 394 K under 15 psi pressure. After 

sterilisation, agar plates were prepared by pouring the media into sterilised petri plates 

under laminar airflow and solidifying them. As the media solidified, it was inoculated 

using 0.1 mL of the previously prepared culture by the spread plate method. These plates 

were also incubated for five days at 303 K. After the incubation period, another 100 mL 

of YEPD broth was prepared and sterilised. The freshly prepared broth was inoculated 

with a single colony collected from the cultured Petri plates and incubated for five days 

in a BOD shaker incubator (Remi, India) at 303 K. 

4.2.8.3.2. Microbial inoculation and experiment: The previously prepared saccharified 

media (mentioned in section 4.2.8.1.3) were sterilised and inoculated with 1 mL of 

Saccharomyces cerevisiae culture. Following that, the system was incubated for five days 

at 303 K in a BOD shaker incubator (Remi, India). After incubation, the culture was 

sterilised, and the hydrolysate was collected by filtration (Watman-10). The whole 

process was conducted in a laminar airflow chamber to eliminate any contamination. 

Different parameters, viz., inoculation time (3 days- 7 days), pH of the medium (4-10), 

temperature (298 K-313 K), microbial dose (1 mL/ 100 mL- 3 mL/ 100 mL), and substrate 

concentration (1 g- 5 g) were varied to study their effect on the bio-ethanol production. 

4.2.8.4. Estimation of bioethanol in the media: A dichromate titration test was used to 

estimate the concentration of produced bioethanol. The titration method involves the 

oxidation of ethanol (C2H5OH) to acetic acid (CH3COOH) using acidified potassium 

dichromate (K2Cr2O7). The excess dichromate is then reacted with potassium iodide (KI) 

solution producing iodine (I2). This iodine is subsequently titrated with sodium 

thiosulphate (Na2S2O3). The detailed process is described below. 

4.2.8.4.1. Reagent preparation: The first reagent in this experiment is an acid 

dichromate solution. To prepare this solution, 125 mL of DI water was taken in an 

Erlenmeyer flask and 70 mL of sulphuric acid (98%) was added. The reagents were mixed 
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and cooled under tap water. After cooling, 0.75 g of potassium dichromate was added to 

it. Further DI water was mixed in the solution to make the volume 250 mL. The solution 

was mixed well and stored. 

The indicator of this titration was starch indicator solution. To make the solution 1 g of 

starch was dissolved in 100 mL of recently boiled water. The mixture was stirred on a 

magnetic stirrer for homogeneous mixing and stored for future use. 

Sodium thiosulphate solution was prepared by adding 7.44 g of sodium thiosulphate to 

900 mL of DI water and mixed well on a magnetic stirrer. After that, the volume was 

made up to l lit. by adding DI water. 

To prepare the potassium iodide solution, 5 g of potassium iodide (KI) was dissolved in 

25 mL of water and mixed well. 

4.2.8.4.2. Experiment: 1 mL of the fermentation broth was added with 25 mL of K2Cr2O7 

solution in an Erlenmeyer flask and 9 mL of distilled water to make up the volume to 35 

mL. Followed by this step, the mixture was heated at 338 K for 25 min. in a water bath. 

After that, the solution was cooled down to room temperature, and DI water was added 

to make the volume 50 mL. After incubation, 5 mL of KI solution was added to the 

mixture. This mixture was titrated against sodium thiosulfate in the presence of a 1 mL 

starch indicator. The endpoint of the titration was determined by observing the colour 

change of the indicator from blue to colourless. This reaction is a three-step process. In 

the first step, the ethanol is oxidised to acetic acid by acidified dichromate solution as 

shown in equation (4.1). In the second step, as stated by equation (4.2), the excess 

dichromate ions react with the KI solution, and in the final step, the produced iodine 

molecules are titrated with thiosulfate solution as stated in equation (4.3). 

2𝐶𝑟ଶ𝑂଻
ଶି + 16𝐻ା + 3𝐶ଶ𝐻ହ𝑂𝐻 = 4𝐶𝑟ଷା + 11𝐻ଶ𝑂 + 3𝐶𝐻ଷ𝐶𝑂𝑂𝐻……… (4.1) 

𝐶𝑟ଶ𝑂଻
ଶି + 14𝐻ା + 6𝐼ି = 2𝐶𝑟ଷା + 3𝐼ଶ + 7𝐻ଶ𝑂…………. (4.2) 

2𝑆ଶ𝑂ଷ
ଶି + 𝐼ଶ = 𝑆ସ𝑂଺

ଶି + 2𝐼ି…………………(4.3) 

4.2.8.4.3. Calculation: The data of the dichromate titration was analysed by the 

stochiometric method. For calculating the concentration of produced ethanol, first, the 

mol and the molarity of thiosulfate used were calculated by equations (4.4) and (4.5), 

respectively. 
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𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑡ℎ𝑖𝑜𝑠𝑢𝑙𝑝ℎ𝑎𝑡𝑒 =  
ெ௔௦௦ ௢௙ ௧௛௜௢௦௨௟௣௛௔௧  (௚)

௠௢௟௔௥ ௠௔௦௦ ௢௙ ௧௛௜௢௦௨௟௣௛௔௧௘ (௚ ௠௢௟)
………….. (4.4) 

𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑖𝑜𝑠𝑢𝑙𝑝ℎ𝑎𝑡𝑒 (𝑀) =  
ெ௢௟௘௦ ௢௙ ௧௛௜௢௦௨௟௣௛௔௧௘

௏௢௟௨௠௘ ௢௙ ௦௢௟௨௧௜௢௡ (௅)
………… (4.5) 

From equations (4.2) and (4.3), it can be stated that 6 mol of thiosulfate is equivalent to 

1 mol of dichromate. Similarly, from equation (4.1), it can be shown that 2 mol of 

dichromate is equivalent to 3 mol of ethanol. So, 1 mol of thiosulfate is equivalent to 0.25 

mol of ethanol. From the experiment, the volume of reacted thiosulfate can be observed, 

and by applying the stoichiometric equivalence rule, the concentration of ethanol was 

calculated. 

4.2.8.4.4. Optimisation of fermentation: To optimise the fermentation process, response 

surface methodology (RSM) was performed. The experimental model was created by 

using the Box-Behnken design and a second-order system. Being a second-order system, 

the model followed a quadratic equation that was validated by varying different 

experimental parameters, viz., time (3-7 days), substrate concentration (1g -5g), and 

microbial dose (1 mL- 3 mL). Design Expert-13 (Version- 7) software was used for this 

purpose, and a total of seventeen unique combinations of the experimental conditions 

were investigated. For the ANOVA analysis, all the data of the mentioned seventeen runs 

were collected and fitted by using the quadratic equation. From the result of this analysis, 

the validity of the design was established. 

4.2.8.5. Furfural production: The previously extracted cellulose (mentioned in section 

4.2.3) was considered the raw material of furfural synthesis. To synthesise furfural, 10 

mL of 1.5% H2SO4 was taken in a hydrothermal reactor, and 1 g of extracted cellulose 

was added to it. The system was treated under 459 K for 10 min. After the reaction ended, 

the solution was cooled down, and the supernatant was collected.  

To quantify the produced furfural, a High-Performance Liquid Chromatography (HPLC) 

machine (Waters model- 2489) with a manual injector (model- U6K), and a Waters binary 

HPLC pump (model- 1525) was used. A UV-Vis detector (model- 2489) was used to 

detect the quantity of produced furfural. To prepare the sample for HPLC analysis, the 

collected hydrolysate was passed through a syringe filter with 2% methanol to eliminate 

any particles present in the media. For analysis, 0.20 mL of the filtered sample was 

injected manually, and the acetonitrile-water solution was used isocratically as the mobile 
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phase at a 2 mL/min flow rate. A Sunfire C18 column was used to separate the 

components. The retention time and peaks were analysed using Breeze software. 

To optimise the process of furfural synthesis, eight cellulose samples, one from each 

parametric combination group, were selected. The parameters, viz., time (10 min.- 30 

min.), dose of cellulose (1g/L-3g/L), and concentration of sulphuric acid (1%-2%) were 

varied to study their effect on furfural synthesis. 

4.2.9. Characterisation: Characterisation is a vital step for research to understand the 

structure and properties of any substance. The proximate analysis, one of the main 

characterisation processes of the biomass, focuses on the moisture content, volatile 

matter, ash content, and fixed carbon content, respectively, for sawdust and rice husk. 

Also, the crystallographic profiling, functional group analysis, elemental composition, 

and surface morphology of extracted cellulose, hemicellulose, and lignin were studied. 

4.2.9.1. Proximate analysis: Proximate analysis of biomass can bring the spotlight on 

the energy content, combustion characteristics and help in feedstock selection. Thus, this 

characteristic study is an important part of alternate energy production and value-added 

product extraction.  

4.2.9.1.1. Moisture content: To measure the amount of water present in the biomass, 

moisture content was analysed. 1 g of biomass was measured using a weighing machine 

(Sartorius, Germany) and placed inside a hot-air oven at 358 K for two hours. After the 

sample was completely dried, the final weight was measured. The moisture content was 

analysed using equation (4.6). 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑀𝐶) =
ூ௡௜௧௜௔௟ ௪௘௜௚௛௧ିி௜௡௔  ௪௘௜௚௛௧

ூ௡௜௧௜௔௟ ௪௘௜௚௛
𝑥 100…………. (4.6) 

4.2.9.1.2. Volatile matter content: 1 g of biomass was packed tightly in an enamel 

crucible and heated inside a muffle furnace in an anaerobic condition at 1073 K 

temperature for 2 hours. After the complete combustion of biomass, the leftover was 

collected, and the weight was recorded. Volatile matter content was measured by equation 

(4.7). 

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑉𝑀𝐶) =  
ூ௡௜௧௜௔௟ ௪௘௜௚௛௧ିி௜௡௔௟ ௪௘௜௚

ூ௡௜௧௜௔௟ ௪௘௜௚௛
𝑥 100…………. (4.7) 

4.2.9.1.3. Ash content: Ash is the inorganic content in biomass and primarily consists of 

silica, calcium, and potassium. To measure the ash content of biomass, the biomass was 
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dried in a hot air oven at 334 K until it was completely dried. Following that, 1 g of the 

dried biomass was taken in an enamel crucible and combusted at 1073 K for two hours 

in the presence of oxygen. After the biomass was completely converted to ash, the residue 

was collected, and the weight was measured. The ash content of a biomass was calculated 

by equation (4.8). 

𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝐴𝐶) =  
ௐ௘௜௚௛௧ ௢௙ ௔௦௛ ௥௘௦௜ௗ௨௘ ௔௙௧௘௥ ௖௢௠௕௨௦௧௜௢௡

ௐ௘௜௚௛௧ ௢௙ ௗ௥௜௘ௗ ௕௜௢௠௔௦௦
𝑥 100…………. (4.8) 

4.2.9.1.4. Fixed carbon content: The fixed carbon content represents the solid carbon 

content that remains after combustion and is a key indicator of the energy potential of 

biomass. The fixed carbon content was calculated by using equation (4.9). 

𝐹𝑖𝑥𝑒𝑑 𝑐𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝐹𝐶𝐶) = {100 − (𝑀𝐶 + 𝑉𝑀𝐶 + 𝐴𝐶)}%............ (4.9) 

4.2.9.2. Crystallographic characteristics: To analyse the crystallographic structure of 

extracted products X-ray diffraction (XRD) study was conducted using an X-ray 

diffractometer (Bruker D-8 advanced, USA). For this analysis, a point detector was used 

with a scan rate of 2o /min. and a range from 10o to 80o (2Ө). During the sample analysis, 

the wavelength used was 1.5481 x 10-10 m with an operating voltage of 40 kV and a 

current flow of 40 mA. The data was analysed, and characteristic peaks were detected by 

using Origin (2018) software. The crystallinity% % was determined by using equation 

(4.10). 

% 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =
஺௥௘௔ ௨௡ௗ௘௥ ௧௛௘ ௖௥௬௦௧௔௟௟௜௡௜௧௬ ௖௨௥௩௘

்௢௧௔௟ ௔௥௘௔ ௨௡ௗ௘௥ ௧௛௘ ௖௨௥௩௘
 𝑥 100…….. (4.10) 

From the peaks identified in the XRD graph, Miller’s indices were calculated by 

WinplotR software. Also, the dhkl value was calculated using Bragg’s law as presented in 

equation (4.11) to understand the crystal properties. 

𝜆 = 2. dhlk. Sinθ…………………………… (4.11) 

Here, 𝜆= wavelength of X-Ray (1.5481 x 10-10 m), and θ= half of the diffraction angle. 

4.2.9.3. Functional group analysis: To analyse the functional groups present on the 

surface of extracted products, ATR-FTIR (PerkinElmer, Spectrum-2, USA) was 

performed. A wavelength range of 500-4000 cm-1 with a transmission rate of 4 cm/sec 

was considered. The data was analysed and functional groups were detected by using 

Origin (2018) software. 
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4.2.9.4. Surface morphology analysis: The surface morphology of extracted products 

was analysed by scanning electron microscopy (SEM) (ZEISS EVO MA-10, Germany). 

As a step of sample preparation, the samples were coated with gold (Au) under high 

vacuum conditions. This analysis was performed at an acceleration voltage of 20 kV 

4.2.9.5. Elemental analysis: To study the elemental composition of the surface, energy 

dispersive X-ray analysis (EDAX) was performed. EDAX is a technique that analyses 

the elements present on the surface of any substance. For this study, the samples were 

coated with gold (Au) under high vacuum conditions and conducted at an acceleration 

voltage of 20 kV. The detector position for this analysis was tilt (deg) at 0.0, elevation 

(deg) at 35.0, and azimuth (deg) at 0.0, respectively. 

To understand the total elemental nature of the components, CHNS analysis was 

performed. In this analysis, the main interest was to study the total chemical composition 

of the material and not only the surface, as this composition has a high influence on fuel 

production. For the sample preparation, the materials were measured by a weighing 

machine (Sartorius, Germany) and placed on an aluminium tray. These trays were placed 

inside the analyser (Elemental, model- Vario micro). The instrument pyrolyses the 

sample, and the detector detects different oxides produced during pyrolysis and calculates 

the % of carbon, hydrogen, nitrogen, and sulphur, respectively. 

4.3. Result: 

4.3.1. Moisture content: The moisture content of raw materials was measured by heating 

the materials at 358 K for two hours. From the observation, it was stated that the moisture 

content of rice husk and sawdust was 4% and 3%, respectively. Ahn et al. (2016) reported 

that the maximum moisture content in sawdust was 16.4% and rice husk was 8.7%, 

respectively. Another study reported that the moisture content of rice husk was found to 

be 12%-16%. In this study, the comparatively low moisture content led to more efficiency 

in these materials for energy generation. As biomass with more moisture content was 

found to demand more energy for combustion and decreased the efficiency of reactors. 

Also, moisture significantly decreased biomass's calorific value, making it less effective 

as a fuel source. Effective moisture content not only enhances combustion efficiency but 

also improves fuel quality. 

4.3.2. Volatile matter content: In this experiment, the volatile matter content of rice husk 

and sawdust was found to be 47% and 73%, respectively. This result, with a high volatile 
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matter content, showed their tendency to be easily ignited and burn rapidly. These 

characteristics made them more suitable for various energy applications. The enhanced 

combustibility of these materials due to their high volatile matter content made them 

advantageous for industrial applications for cleaner combustion processes and reduced 

smoke emission compared to traditional fuels (Andrew and Gbabo, 2015). A previously 

conducted study reported that the volatile matter content of rice husk can be 62.2% to 

68.2% (Mutuku, 2019). Ahn et al. (2016) reported that the volatile matter content of 

sawdust can be up to 75%. These previously reported results confirmed that the raw 

materials of this experiment were suitable for energy production. 

4.3.3. Ash content: In this experiment, the ash content was 15% and 7% for rice husk 

and sawdust, respectively. Biomass with low ash content was found to be potentially able 

to enhance cleaner combustion and higher calorific value. This result could be explained 

by the spatial distribution in the combustion chamber. High ash content was found to 

occupy more space in the chamber, making the combustible material less available for 

burning, resulting in incomplete combustion and increased pollutant emission (Andrew 

and Gbabo, 2015). Also, higher ash content was reported to cause slagging, fouling, and 

corrosion within the combustion system. Alkali metals present in the ash stimulated these 

problems by forming sticky deposits in the chamber (Puri et al., 2024).  

4.3.4. Fixed carbon content: The fixed carbon content in this experiment was found to 

be 34% and 17% in the case of rice husk and sawdust, respectively. Banta and Leon 

(2018) reported that fixed carbon content could be increased by changing processing 

methods. The study also reported that the fixed carbon content of sawdust could increase 

to 26.6%. Fixed carbon content is a vital parameter to understand the suitability of 

biomass for fuel generation. It was also observed that fixed carbon could influence the 

combustion temperature of biomass. Biomass containing higher amounts of fixed carbon 

could be burnt at higher temperatures, making the combustion more efficient and higher 

heat generation (Jia et al., 2021). It was also reported that fuels with higher fixed carbon 

content could reduce the emission of pollutants into the atmosphere. As these materials 

were pyrolysed at a higher temperature, it led to the complete burning of the biomass and 

reduced the release of incomplete burnt particles (Dalkhsuren et al., 2023). 

4.3.5. Extraction of cellulose: After pretreatment, filtration, and washing, the collected 

solid residue, which contains most of the cellulose of lignocellulosic raw materials, was 
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dried in a hot air oven at 60oC. After drying, the final weight was measured and recorded. 

From 1 g of raw material, the maximum collected cellulose was 98%, in the case of 2% 

NaOH-treated rice husk with sonication. The lowest recovery rate was observed in the 

case of 6% NaOH-treated non-sonicated sawdust. For each pretreatment, the weight of 

collected cellulose varied and is represented in Fig. 4.1. This data signified the minimum 

sample loss in the pre-treatment process and enhanced the acceptance in industrial 

sectors. In this study, several parameters, viz., type of pretreatment media, 

the concentration of pretreatment media, type of raw materials, and application of sonic 

waves were considered. Based on these variations, all the extracted cellulose was 

categorised into eight different groups and designated with unique codes. All the 

categories and codes are represented in Table 4.1. 

 

Group Raw material Treatment process Code 

A Rice husk 2% NaOH with 

sonication 

RH_2%_NaOH_S 

Rice husk 4% NaOH with 

sonication 

RH_4%_NaOH_S 

Rice husk 6% NaOH with 

sonication 

RH_6%_NaOH_S 

B Rice husk 2% NaOH without 

sonication 

RH_2%_NaOH_NS 

Rice husk 4% NaOH without 

sonication 

RH_4%_NaOH_NS 

Rice husk 6% NaOH without 

sonication 

RH_6%_NaOH_NS 

C Rice husk 2% H2SO4 with 

sonication 

RH_2%_H2SO4_S 

Rice husk 4% H2SO4 with 

sonication 

RH_4%_H2SO4_S 

Rice husk 6% H2SO4 with 

sonication 

RH_6%_H2SO4_S 

Table 4.1: Cellulose samples prepared by the pretreatment process 
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D Rice husk 2% H2SO4 without 

sonication 

RH_2%_H2SO4_NS 

Rice husk 4% H2SO4 without 

sonication 

RH_4%_H2SO4_NS 

Rice husk 6% H2SO4 without 

sonication 

RH_6%_H2SO4_NS 

E Sawdust 2% NaOH with 

sonication 

SD_2%_NaOH_S 

Sawdust 4% NaOH with 

sonication 

SD_4%_NaOH_S 

Sawdust 6% NaOH with 

sonication 

SD_6%_NaOH_S 

F Sawdust 2% NaOH without 

sonication 

SD_2%_NaOH_NS 

Sawdust 4% NaOH without 

sonication 

SD_4%_NaOH_NS 

Sawdust 6% NaOH without 

sonication 

SD_6%_NaOH_NS 

G Sawdust 2% H2SO4 with 

sonication 

SD_2%_H2SO4_S 

Sawdust 4% H2SO4 with 

sonication 

SD_4%_H2SO4_S 

Sawdust 6% H2SO4 with 

sonication 

SD_6%_H2SO4_S 

H Sawdust 2% H2SO4 without 

sonication 

SD_2%_H2SO4_NS 

Sawdust 4% H2SO4 without 

sonication 

SD_4%_H2SO4_NS 

Sawdust 6% H2SO4 without 

sonication 

SD_6%_H2SO4_NS 
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4.3.6. Cellulose content analysis: To analyse the cellulose content in the pretreated 

biomass, the anthrone test was performed. As shown in Fig. 4.2, it could be stated that in 

every condition of pre-treatment, the content of cellulose increased after sonication. 

Because of the vibrational frequency of the sonication process, the chemical bonds 

present in the biomass ruptured and became exposed to the chemicals of the pre-treatment 

media.  A study reported that before ultrasonic treatment, rice straw showed a cellulose 

yield of 27.19%, which increased to 63.84% after sonication (Ratnakumar et al., 2022). 

One of the main effects of ultrasonication is the enhancement of chemical reactions or 

the choice of certain reaction pathways (Bussemaker and Zhang, 2013). In the presence 

of ultrasound, water performed a sonochemical process and the H-O bond was cleaved, 

resulting in a hydroxyl radical and hydrogen. These radicals then initiated reactions to 

produce hydrogen gas, hydrogen peroxide, and oxygen gas, or recombined to produce 

water (Mason, 2002; Adewuyi, 2005). In this experiment, the highest cellulose yield was 

found in the case of SD_4%_NaOH_S, and the value was 958.88 mg/g, and the lowest 

cellulose concentration was found to be 101.48 mg/g in the case of RH_2%_NaOH_NS. 

As sonication broke the chemical bonds present in the biomass, the materials became 

easily accessible for delignification. Also, as mentioned before, the sonochemical 

reaction of water produces hydroxyl ions and caused a right shift of reaction equilibrium 

in NaOH-containing pre-treatment media and a greater yield of cellulose. Like alkali-

treated biomass, acid treatment with sonication also showed a higher yield compared to 

a sample without sonication. Though the cellulose yield of acid-treated sonicated biomass 

Figure 4.2: Percentage of biomass recovery for each pre-treated biomass 
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was less than alkali-treated sonicated biomass, which could be explained by the reaction 

of -OH ions produced during the sonochemical reaction of water, and the proton released 

from acid, this medium also affected the yield for cellulose production. During 

sonication, as water molecules broke into hydroxyl ions, they reacted with the proton 

released by the sulfuric acid present in the media. Unlike alkaline media, this condition 

caused a left shift of the reaction equilibrium and slowed down the chemical process. 

From Fig. 4.2, it could be stated that for the acid-treated biomass, cellulose yield 

increased significantly after sonication, representing the importance of this process in 

pre-treatment. 

Another trend shown in the mentioned figure was the relationship between the cellulose 

concentration and the increasing concentration of pre-treatment media. Initially, the yield 

of cellulose increased due to the separation of lignin and hemicellulose from the biomass. 

This could be explained by the reaction kinetics. As the media concentration increased, 

the equilibrium of the reaction underwent a right shift, enhancing the product formation. 

But, after a point of concentration, the yield slightly decreased. The most appropriate 

explanation is that with 6% media concentration, the reagent degraded cellulose by 

breaking the chemical bonds. 

From this analysis, the pretreated biomass with the highest cellulose yield, viz., 

RH_4%_H2SO4_NS (436.29 mg/g), RH_6%_H2SO4_NS (332.96 mg/g), 

RH_4%_H2SO4_S (823.7 mg/g), RH_6%_H2SO4_S (832.96 mg/g), RH_4%_NaOH_NS 

(438.51 mg/g), RH_6%_NaOH_NS (447.77 mg/g), RH_2%_NaOH_S (851.48 mg/g), 

RH_4%_NaOH_S (899.63 mg/g), SD_4%_H2SO4_NS (342.22 mg/g), 

SD_6%_H2SO4_NS (353.33 mg/g), SD_4%_H2SO4_S (923.7 mg/g), SD_6%_H2SO4_S 

(892.22 mg/g), SD_4%_NaOH_NS (751.48 mg/g), SD_6%_NaOH_NS (740.37 mg/g), 

SD_2%_NaOH_S (958.51 mg/g), and SD_4%_NaOH_S (958.88 mg/g) respectively was 

selected for saccharification.  
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4.3.7. Total reducing sugar (TRS) content analysis: The pretreated biomass was treated 

with Aspergillus sp. previously isolated in the laboratory, and reducing sugar was 

produced from the extracted cellulose. The total reducing sugar content of the biomass 

was estimated by the DNS (di-nitro salicylic acid) method, and the change in TRS 

production with the change of different experimental parameters was investigated. 

4.3.7.1. Effect of biomass type: As shown in Fig. 4.3 (A) and (B), the nature of biomass 

influenced the total reducing sugar content. It was found that SD_4%_H2SO4_S had the 

highest TRS yield, with a value of 24.84 mg/g. A previous study reported that 88 mg/ml 

sugar production from sawdust, which was treated with 2.5% (V/V) H2O2 (Rubaay and 

Ali, 2022). In the case of rice husk, the highest TRS yield was found to be 20.02 mg/g 

for RH_2%_NaOH_S. A study reported 47.34% of TRS from rice husk hydrolysate 

treated with the alkaline solution at 394 K for 3 hours (Lin et al., 2022). This variation of 

TRS output could be explained by considering the composition of raw biomass. 

Depending on the biomass type, the chemical composition of the raw material differed. 

Cellulose, the main carbohydrate backbone of biomass, is surrounded by a sheet of lignin, 

and hemicellulose plays a role in binding the cellulose backbone to lignin. This binding 

strength differs depending on the nature of the raw materials, and the degree of TRS 

production differs for this reason.  

4.3.7.2. Effect of sonication: Another parameter influencing the TRS content was 

sonication. As mentioned in the previous paragraph, Fig. 4.3(A) and (B) show that the 

application of sonic waves increased the TRS yield of biomass. Sonication significantly 

improved biomass delignification. Ziaei-Rad et al. (2023) reported that ultrasound at 

frequencies between 20 kHz and 50 kHz could improve the removal of lignin from raw 

materials. Another study reported that after applying sonication, the sugar extraction rate 

Figure 4.3: Cellulose content of pre-treated (A) rice husk, and (B) sawdust determined by anthrone test. 
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from potato peels increased significantly (Bhattacharyya et al., 2013). In the current 

study, the highest TRS yield before sonication was 17.26 mg/g from SD_6%_NaOH_NS. 

On the other hand, after sonication, it was increased to 24.84 mg/g. Gul et al., (2023) 

reported that sonication caused a more uniform distribution and smaller particle size of 

the biomass and affected the production of various derivatives. 

4.3.7.3. Effect of treatment time: In this current study, the saccharified media were 

collected in 5, 7, and 10-day intervals. It was observed that initially, with the increase in 

saccharification time duration, the yield of TRS also increased. The highest TRS content 

was observed in the case of SD_2%_NaOH_S, and the value was 20.89 mg/g after 7 days 

of saccharification. In every scenario, it was observed that from 7 to 10 days, the 

production of reducing sugar slightly declined. As reported by Sivamani et al. (2022), 

with the increasing treatment time, several inhibitory complexes, viz., furfural and 

hydroxymethylfurfural (HMF), could be synthesised in the reaction media, resulting in a 

decline in the rate of TRS production. The change in TRS production rate with respect to 

treatment time is represented in Fig. 4.3 (C) and (D). Timung et al. (2016) reported a 

study using sugarcane bagasse and observed similar results, supporting the findings of 

the current study. The mentioned study reported that the highest TRS yield was found to 

be 296.64 mg/g from sugarcane bagasse. 

4.3.7.4. Effect of pH: As shown in Fig. 4.3 (E) and (F), the pH of the media affected the 

TRS yield significantly. As reported by Lin et al. (2022), β-glucosidase is an enzyme 

responsible for reducing sugar production functions at a pH of 5 to 7. Another enzyme, 

called cellulase, is present in Aspergillus sp. and was reported to have an optimal pH of 

5 to 6.5 (Prasetyo et al., 2009). According to the figures, the highest TRS yield was 

observed at the neutral pH. Both in acidic and alkaline conditions, the yield declined, 

which was explained by the denaturation of the cellulase enzyme at extreme pH. In the 

case of SD_4%_H2SO4_S, the highest TRS yield was observed during this study. At pH 

7, it showed 24.84 mg/g TRS production. Evate et al. (2023) reported that at pH 6.11, 

pineapple peel biomass showed the highest TRS production after 48.88 hours. 

4.3.7.5. Effect of temperature: Temperature showed a significant effect on TRS 

production from cellulose. As shown in Fig. 4.3 (G) and (H), the highest TRS yield was 

found at 30oC. Being a biological process, the TRS yield of the substrate was highly 

dependent on the growth of microbes (Aspergillus sp.) and enzymatic activity (Lin et al., 
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2022). In both extreme temperatures (298 K and 313 K), the TRS yield decreased 

significantly, and the highest yield was observed at 30oC. In the case of this study, the 

highest TRS yield at 303 K was observed for SD_4%_H2SO4_S with a value of 24.84 

mg/g. For the same biomass, 6.47 mg/g, 13.79 m/g, and 7.38 mg/g TRS yield was 

observed at 398 K, 308 K, and 313 K temperatures, respectively. This observation can be 

explained by the enzymatic activity under different temperatures. At very high and low 

temperatures, microbial growth ceased, and the activity of the enzyme declined either due 

to inactivity or denaturation, resulting in a decreased yield of TRS production 

(Nashiruddin et al., 2022). Mannaa and Kim (2018) reported that although the cellulase 

enzyme showed the highest activity at 45oC, prolonged exposure to the enzyme at this 

temperature can cause thermal inactivation of the biochemical process.  

4.3.7.6. Effect of biomass concentration: The increase in substrate concentration also 

affected TRS production. In every scenario, it was observed that the increase in substrate 

concentration increased TRS yield. The effect of substrate concentration on TRS yield is 

shown in Fig. 4.3 (I) and (J). As mentioned in the figure, the highest TRS was produced 

in the case of SD_4%_H2SO4_S, with the value of 35.38 mg/g from 3g/ 100 mL biomass 

concentration. For the same sample, 24.84 mg/g and 27.53 mg/g TRS yield were observed 

for 1g/100 mL and 2g/100 mL substrate concentration.  

A previously conducted study used Pennisetum grass and saccharified the biomass using 

Aspergillus fumigatus. It was found that with increasing biomass concentration, the TRS 

yield increased significantly up to 396 mg/g (Mohapatra et al., 2018). Mrudula and 

Murugammal (2011) reported that the enzymatic activity of cellulase extracted from 

Aspergillus sp. increased with the increasing concentration of substrate till 1:10 (w/v) 

dilution. Another study conducted by Agabo-Garcia et al. (2023) used Aspergillus 

awamori for the valorisation of Rugulopteryx okamurae, a brown alga, and found a 

maximum of 240 g/kg TRS yield from the mentioned biomass. This phenomenon can be 

explained by the availability of more active sites with increasing substrate concentration. 

As the biomass concentration increased, more active sites present on the biomass surface 

became exposed to the enzyme for enzymatic reactions. Thus, the production of TRS also 

increased. 

4.3.7.7. Effect of microbial dose: The effect of microbial dose on TRS production is 

shown in Fig. 4.3 (K) and (L). From the graphical representation, it could be stated that 
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the TRS yield with increasing microorganisms initially increased and then slightly 

declined. The highest TRS yield was observed in the case of SD_4%_H2SO4_S and was 

found to be 26.82 mg/g with 3 mL/ 100 mL of microbial concentration. For the same 

substrate, 24.84 mg/g and 24.75 mg/g TRS yield were found in the case of 1 mL/ 100 mL 

and 5 mL/ 100 mL microbial concentration. On the other hand, RH_4%_NaOH_NS 

showed the lowest TRS yield with a value of 7.77 mg/g while treated with 5 mL/ 100 mL 

microbial concentration. As the microbial concentration increased in the medium, the 

availability of cellulase also increased, increasing TRS yield. But in higher 

concentrations, the competition of microorganisms increased, resulting in a decline in the 

TRS content. 

From the TRS analysis, a total of eight cellulose samples, viz., RH_6%_H2SO4_NS, 

RH_4%_H2SO4_S, RH_6%_NaOH_NS, RH_2%_NaOH_S, SD_6%_H2SO4_NS, 

SD_4%_H2SO4_S, SD_6%_NaOH_NS, and SD_2%_NaOH_S, were selected for 

fermentation and further studies. 
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4.3.8. Bioethanol content analysis: After saccharification, the media were sterilised at 

15psi pressure and 120oC. The saccharified hydrolysate was separated from the solid 

biomass by filtration and collected in a sterilised Erlenmeyer flask. Saccharomyces 

cerevisiae culture was added to the hydrolysate for bioethanol production by 

fermentation. Different parameters were varied to investigate their effect on the 

Figure 4.3: Effect of biomass type and sonication (A and B), treatment time (C and D), pH of media (E and F), 
temperature (G and H), biomass dose (I and J), and microbial concentration (K and L) on TRS production by 

saccharification. 
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bioethanol yield. The dichromate titration method was used to quantify the produced 

ethanol. 

4.3.8.1. Effect of reaction time: Fig. 4.4 (A) represents the effect of reaction time on 

bioethanol production. As shown in the figure, the ethanol content increased from 3 to 5 

days of treatment but decreased on day 7. Dimos et al. (2019) investigated the effect of 

various experimental parameters on bioethanol production from cotton stalks and 

reported that after 80 hours of treatment, the ethanol production reached a saturation 

point. Another study performed by Siregar and Amraini (2019) reported that the 

production of bioethanol from empty fruit bunches can reach equilibrium after 5 days of 

treatment with Saccharomyces cerevisiae.  

After 7 days of fermentation, some dead fungal biomass was observed in the medium, 

resulting in a decline in the bioethanol production yield. A similar result was reported by 

Suleman et al. (2016) while producing bioethanol from sugarcane juice. Apart from the 

life cycle of the fungus, another limiting factor for bioethanol production was the 

presence of inhibitory compounds. Compounds like hemicellulose and HMF present in 

the media inhibited ethanol production. In the current study, the highest ethanol was 

produced from SD_6%_H2SO4_NS with a value of 3.24 mg/g of biomass after five days 

of fermentation. Also, the lowest yield was found in the case of RH_4%_H2SO4_S after 

three days of fermentation. 

4.3.8.2. Effect of pH: Fig. 4.4 (B) showed the effect of different pH on the fermentation 

process and the yield of bioethanol. In every scenario, it was found that the highest 

ethanol content was observed at pH 7. In this study, the highest ethanol was found to be 

produced from SD_6%_H2SO4_NS, with the value of 3.24 mg/g of biomass. On the other 

hand, the lowest bioethanol content was found in the case of RH_4%_H2SO4_S with a 

value of 0.27 mg/g of biomass. Being a biological process, pH had a great impact on the 

fermentation process. Bajpai and Margaritis (1987) produced ethanol from Jerusalem 

artichoke extract using Kluyveromyces marxianus and found pH 5 as the optimum pH for 

the process. At extreme pH, viz., 4 and 10, the enzymatic activity of Saccharomyces 

cerevisiae ceased and caused a decline in ethanol production. In the neutral environment 

Wang et al., (2021) reported that at lower pH, the free H+ ions present in the media 

inhibited the necessary enzymes required for fermentation. Conversely, it was found that 
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at higher pH, the environment inhibited the growth of Saccharomyces cerevisiae, causing 

a decline in bioethanol production (Bajpai and Margaritis, 1987). 

4.3.8.3. Effect of biomass concentration: The effect of biomass concentration on 

ethanol production is represented in Fig. 4.4 (C). From the figure, it was stated that with 

the increasing biomass, in every scenario, the ethanol content increased. Increasing 

biomass concentration enhanced bioethanol yield, but at extremely high concentrations, 

microbial cells were exposed to competition for space and decreased the ethanol 

production (Shukla et al., 2023). El-Mekkawi et al. (2019) explained the interaction 

between bioethanol production kinetics and substrate concentration. According to the 

mentioned study, longer fermentation time resulted in a higher bioethanol yield at optimal 

biomass concentration, but with excessive biomass, the rest of the parameters should be 

optimised to maintain ethanol production. This study also reported that, by using algal 

biomass as the raw material, 18.57 g/L ethanol was produced for 98.7 g/L biomass 

concentration. But with a 100 g/L concentration of algal biomass, the production declined 

to 11.46 g/L. In the current study, the highest production of ethanol was found at 3 g/100 

mL biomass concentrations among all scenarios. The highest amount of ethanol was 

produced from RH_6%_NaOH_NS with a value of 4.76 mg/g of biomass. The lowest 

yield was observed in the case of the RH_4%_H2SO4_S sample, and the yield was 1.62 

mg/g of biomass. 

4.3.8.4. Effect of microbial dose: Being a biological process, the dose of 

microorganisms had a great impact on the final output of fermentation. Fig. 4.4 (D) 

showed the effect of Saccharomyces cerevisiae on the bioethanol production. From the 

figures, it could be stated that the yield of bioethanol increased initially with the increase 

of microbial dose but declined at a higher dose. From the research conducted before, it 

was found that lower microbial concentration could lead to lower ethanol yield due to 

inadequate conversion of sugar and insufficient fermentation activity. Conversely, a very 

high dosage could initiate competition among the cells and result in competitive 

inhibition. The limitations of space and resources could cause stress inside the cell and 

decrease ethanol production (El-Mekkawi et al., 2019). Another study reported that for a 

long-time duration of fermentation, higher microbial dosage could decline ethanol 

production as initially produced ethanol inhibited the microbial biomass from performing 

further fermentation (Hackmann and Firkins, 2015). In this study, the highest ethanol 
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concentration was found in the case of SD_6%_H2SO4_NS with 1 mL microbial dose/100 

mL solution, and the ethanol concentration was 3.24 mg/g of biomass. 

4.3.8.5. Effect of temperature: Temperature played a very important role in the 

fermentation process. As microbial growth kinetics is dependent on environmental 

temperature, the optimised temperature is important to get the maximum ethanol yield. 

From previous research, it could be found that the optimum temperature range for 

Saccharomyces cerevisiae to produce ethanol was between 303 K to 307 K. Bajpai and 

Margaritis (1987) reported that above 307 K, the ethanol production yield started to 

decline due to increased glycerol production and environmental stress. Abarca-Rivas et 

al. (2023) reported that at lower temperatures, the growth of Saccharomyces cerevisiae 

could be ceased and took a long time to complete the fermentation. For the current study, 

the effect of temperature on ethanol production is shown in Fig. 4.4 (E). From the figure, 

it was observed that for every cellulose sample, 303 K temperature was the optimum to 

produce ethanol. The maximum ethanol concentration was found to be 5.84 mg/g of 

biomass in the case of RH_6%_NaOH_NS. 
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4.3.8.6. Optimisation of fermentation: To optimise the bioethanol production by 

fermentation, a Response Surface Methodology (RSM) study was performed (Aydar, 

2018). A quadratic equation, presented as equation (4.12), was used to analyse and 

validate the experimental design. 

R =  2.5 + 0.1 ∗ A + 0.2875 ∗ B + 0.3125 ∗ C + 0.175 ∗ AB − 0.0325 ∗ AC + 0.1 ∗

BC − 1.08 ∗ 𝐴ଶ − 0.3 ∗ 𝐵ଶ − 0.1 ∗ 𝐶ଶ…………………… (4.12) 

Here, A, B, C, and R are reaction time (days), microbial dose (mL/100 mL), substrate 

concentration (g/100mL), and bioethanol concentration (mg/g of biomass), respectively.  

4.3.8.6.1. Validation of the model: From the ANOVA analysis, it was observed that this 

model was significant with a P-value of 0.0006 (<0.05) and an F-value of 17.1 (>12). The 

correlation coefficient (R2) value of the mentioned model was 0.95. The R2 value also 

indicated that the predicted and observed data of this experiment were in reasonable 

agreement, with the value of 4.84 mg/g and 4.32 mg/g, respectively, indicating the 

significance of the model.  

Fig. 4.5 (A) represents the residual plot confirming the model of fit for this design. 

Residuals are the difference between the experimental and predicted values of a model. 

From the mentioned figure, it could be stated that all the residual values were evenly 

distributed on both sides of the straight line, signifying the probability distribution of the 

residual values from the trend line. This result further confirmed the acceptability of the 

model. As stated in Fig. 4.5 (B), the predicted and actual values exhibited the minimum 

deviation from the trend line (Altınışık et al., 2024). The interaction of predicted and 

experimental values was represented in Fig. 4.5 (C). From the graph, it could be stated 

Figure 4.4: Effect of treatment time (A), pH of media (B), biomass dose (C), microbial concentration (D), and 
temperature (E) on bioethanol production by fermentation. 
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that the experimental values were almost evenly distributed throughout the straight line, 

increasing the acceptance of this model. 

4.3.8.6.2. Response of time and microbial dosage: The response of time and microbial 

dosage is presented in Fig. 4.5 (D). The graph showed that the optimum bioethanol yield 

was observed at 2 mL /100 mL microbial dosage after 5 days of fermentation. The 

maximum yield of ethanol under these conditions was found to be 2.57 mg/g of biomass. 

Being a biological process, fermentation showed a maximum yield at a mid-point of the 

parameter’s range, rather than in extreme limits (Kamal et al., 2021). 

4.3.8.6.3. Response of microbial dosage and biomass concentration: In Fig. 4.5 (E), 

the response of microbial dosage and biomass concentration is presented. From the 

figure, it could be stated that at the microbial dose of 2 mL/ 100 mL and 2 g/100 mL 

biomass concentration, the optimum ethanol output was achieved. The optimum amount 

of bioethanol produced in these conditions was 2.85 mg/g of biomass. This result was 

observed as the yeast cells were in close contact with sufficient nutrients, which ignored 

the competition but inhibited any adverse effect.  (Kopsahelis et al., 2007). 

4.3.8.6.4. Response of biomass concentration and time: The crosstalk between 

biomass concentration and incubation time is represented in Fig. 4.5 (F). From the figure, 

it was observed that at an incubation time of 5 days and 2 g/100mL biomass 

concentration, the highest ethanol yield was achieved. The optimum bioethanol 

concentration in this experiment was 2.37 mg/g of biomass. Like the previously described 

conditions, this condition also showed the optimum value at the mid-point of the 

parameter’s range for the same reason (Azhar et al., 2017). 
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4.3.9. Production of Furfural from extracted cellulose: In this study, hydrothermal 

treatment of cellulose was performed with sulphuric acid to produce furfural. Under high 

temperature and pressure, sulphuric acid oxidised cellulose and the dark brown 

hydrolysate was collected, which contained furfural. The furfural concentration was 

measured by high-performance liquid chromatography (HPLC) as shown in Fig. 4.6 (A). 

The effect of different parameters on furfural production was investigated. 

4.3.9.1. Effect of biomass type: Four different cellulose samples with the highest 

cellulose concentration (section 4.3.6), viz., RH_4%_H2SO4_NS, RH_6%_H2SO4_S, 

RH_6%_NaOH_NS, RH_4%_NaOH_S, SD_6%_H2SO4_NS, SD_4%_H2SO4_S, 

SD_4%NaOH_NS, and SD_4%_NaOH_S, were used in this study. Fig. 4.6 (B) 

represents the effect of biomass type on furfural production. From the figure, it could be 

stated that the highest furfural yield in this experiment was observed in the case of the 

RH_4%_NaOH_S sample with a value of 15.12%. Binder et al. (2010) reported furfural 

production from xylan and xylose, respectively. It was found that 24% of furfural was 

Figure 4.5: Optimization of bioethanol production by fermentation process using Response Surface 
Methodology representing (A and B) The model fit of the design, (C) comparison of actual and predicted 

result, (D) response of time and microbial dose, (E) response of microbial dose and biomass concentration, (F) 
response of time and biomass concentration. 
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produced from xylose after 2 hours of treatment while using CrCl2 as a catalyst at 373 K 

temperature. On the other hand, in the case of xylan, a 4% yield was reported while using 

CrCl3 as a catalyst at 393 K. Another study had investigated the conversion of 

microcrystalline cellulose to furfural using sonic waves. It was found that with 4 mol/L 

HNO3 media at 303 K temperature, a sonication of 60 min resulted in a 78% conversion 

yield (Santos et al., 2018). The structure and cellulose distribution, as well as the purity 

of extracted cellulose, depend on the type of raw materials. Hence, depending on the 

cellulose concentration present in the sample, the furfural content varied. 

4.3.9.2. Effect of treatment time: Three different time durations, viz., 10 min., 20 min., 

and 30 min., were considered for this experiment, and the effect of treatment time is 

represented in Fig. 4.6 (C). From the figure, it was observed that in every scenario, the 

yield of furfural increased with increasing treatment time. For RH_6%_H2SO4_S 

cellulose, the least furfural production yield was observed with the value of 3.95% after 

10 min. of treatment. Maintaining the same conditions, RH_4%_NaOH_S generated the 

highest furfural production yield with the value of 17.35% after treating for 30 min. Jiang 

et al. (2021) reported that a furfural production yield of 85% was achieved by treating the 

biomass under 454 K temperature for 1 hour. Ong and Sashikala (2007) reported that acid 

hydrolysis of rice husk with 10% sulphuric acid at 498 K showed a furfural yield of 

15g/kg. This observation could be explained by the reaction kinetics of the process. With 

the increasing time duration, the substrate got enough time to reach the equilibrium and 

complete the reaction. So, with the increasing time, the concentration of furfural also 

increased. 

4.3.9.3. Effect of cellulose concentration: Fig. 4.6 (D) represents the furfural production 

in different cellulose concentrations. Three concentrations, viz., 1g/L, 2g/L, and 3g/L are 

considered the concentration of interest. From the figure, it can be stated that in every 

scenario, the concentration of furfural increased with increasing cellulose concentration. 

This observation can be explained by the increasing concentration of cellulose makes 

more substrate available for the reaction, shifting the reaction equilibrium to the left, and 

increasing the product concentration. The highest furfural concentration in this 

experiment was 13.87% from 3g/L RH_4%_H2SO4_NS. For comparison, Lacerda et al. 

(2015) reported the highest furfural yield to be 9.96% from cellulose as a raw material 

and using ChCl/oxalic acid and TiO2 as media and catalyst, respectively. 
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4.3.9.3. Effect of acid concentration: The effect of acid concentration on furfural 

production is presented in Fig. 4.6 (E). 1%, 1.5%, and 2% (v/v) sulphuric acid solutions 

were used to study the effect of the mentioned parameter, respectively. With the 

increasing concentration, it was observed that initially, the furfural% increased and then 

slightly decreased at 2% sulphuric acid concentration. This observation can be explained 

by the reaction of furfural with excess acid reagent. As a previously conducted study 

reported, furfural can be converted to furoic acid and maleic acid by oxidation (Zhang et 

al., 2021). In the current study, it was observed that the highest furfural concentration 

achieved was 15.74% from RH_4%_NaOH_S with 1.5% acid concentration. The lowest 

concentration was found to be 3.51% from RH_6%_H2SO4_S while treating it with a 2% 

sulphuric acid solution. 

 

 

 

 

Figure 4.6: (A) HPLC graph of furfural detection. Effect of (B) sample type, (C) treatment time, (D) biomass 
concentration, (E) acid concentration on furfural production from cellulose by acid pre-treatment method. 



55 
 

4.3.10. Estimation of Xylan content in the hydrolysate: From Fig. 4.7, it was observed 

that xylan was present in the hydrolysate in every pre-treatment scenario. It was also 

observed that in sulphuric acid-containing media, the xylan concentration was higher 

compared to sodium hydroxide media. The best explanation that fits with this result is 

that the acidic or alkaline pre-treatment media help in the extraction of xylan from 

biomass. Xylan is a component that can be synthesised from hemicellulose, and due to 

the oxidative property of sulphuric acid, a higher concentration was observed in the acidic 

media. It was reported that oxidising agents target carbon 2 and 3 atoms of the 

carbohydrate backbone and convert them to aldehyde groups. This reaction results in the 

production of dialdehyde xylan, and further converted into xylan molecules (Amer et al., 

2016). 

The effect of sonication on the xylan quantity is visible in the figure, and it can be stated 

that with the application of sonication, the xylan quantity increased. The effect of raw 

material on xylan quantity can also be observed from the figure. It can be stated that rice 

husk showed a higher xylan concentration compared to sawdust. This result can be 

explained by the structure of the raw materials. With a stronger bonding and a rigid 

structure, the extraction of different materials, like xylan, showed a lower yield compared 

to rice husk. The highest concentration of xylan was observed in the case of 

RH_2%_H2SO4_NS with a value of 8.24%. On the other hand, the lowest concentration 

was 3.17% in the case of SD_6%_NaOH_NS. 

 

Figure 4.7: Quantification of xylan in different pre-treatment media 
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4.3.11. Functional group analysis: ATR-FTIR analysis was performed to analyse the 

functional groups and chemical bonds on the surface of extracted components. Fig. 4.8 

(A) represents the ATR-FTIR analysis of cellulose extracted from rice husk and sawdust, 

respectively. In the figure, major peaks were observed at 3343 cm-1, 2892 cm-1, 1588 cm-

1, 1419 cm-1, 1158 cm-1, 1031 cm-1, and 874 cm-1, respectively. According to Kondo 

(2005), the peak at 3343 cm-1 represents OH stretching on the cellulose surface. Another 

peak at 2892 cm-1 confirms C-Hn stretching because of alkyl, aliphatic, and aromatic 

groups (Yang et al., 2007). Another major peak was found at 1419 cm-1 assigned as CH2 

wagging (Cao and Tan, 2004). Also, Chen and Yokochi. (2000) reported the peak at 1158 

cm-1 assigned γ C-O-C group at the β-glucosidic linkage. The peak at 1031 cm-1 confirms 

the presence of the γ-CO group at C-6 carbon (Kacˇura ́kova  ́et al., 2000). Another peak 

at 874 cm-1 represents the presence of the γ-CCH group at C-5 and C-6 carbon (Cao and 

Tan, 2004). Another distinct peak was observed in the case of cellulose extracted from 

rice husk at 1100 cm-1, representing the dominance of γ ring in plane (Liang and 

Marchessault, 1959). 

Fig. 4.8 (B) shows FTIR analysis of cellulose extracted in different pre-treatment media. 

Similar peaks were observed for the pre-treatment media, and no significant difference 

was found. The presence of OH stretching (3343 cm-1), C-Hn stretching (2889 cm-1), the 

γ C-O-C group at the β-glucosidic linkage (1158 cm-1), and the γ-CO group at C-6 carbon 

(1026 cm-1) was confirmed by analysing the wavelength of peaks observed in this 

analysis. The peak at 1620 cm-1 is assigned to the C=C stretching on the cellulose surface 

(Nandiyanto et al., 2019). 

Fig. 4.8 (C) represents the effect of different concentrations of pre-treatment media on 

the FTIR analysis. In this case, no significant difference was found in the position of 

peaks, but the percentage of transmittance changed with the increasing reagent 

concentration (NaOH or H2SO4). With the increasing concentration of pre-treatment 

media, the intensity of the peak increased, signifying a proper delignification of the 

biomass. 

The effect of sonication on biomass chemistry was also investigated by the FTIR study. 

In Fig. 4.8 (D). A significant increase in the intensity was observed after the sonication 

of biomass. From this observation, it can be interpreted that sonication significantly 

affects the delignification process. 
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The extracted hemicellulose was analysed by ATR-FTIR analysis to determine the 

functional groups present on the surface. As shown in Fig. 4.8 (E), the comparative FTIR 

graph of hemicellulose extracted from sawdust and rice husk is presented respectively. 

From the figure, it can be stated that both the hemicellulose samples represent peaks at 

3362 cm-1, 2933 cm-1, 1636 cm-1, and 1376 cm-1. Shen et al. (2010) reported similar 

results for FTIR analysis of hemicellulose. According to this study, the peak at 3362 cm-

1 is assigned to the C-H stretching. Another peak at 1636 cm-1 represents C=O stretching, 

and the peaks at 2933 cm-1 and 1376 cm-1 show the presence of C-H stretching and C-C 

skeleton in R-CO-R’ form, respectively. Exclusive peaks such as 1069 cm-1, 1041 cm-1, 

and 900 cm-1 were found in the case of hemicellulose extracted from rice husk. A recent 

study reported that the peaks represent the presence of the bending vibration of crystalline 

water, the stretching vibration of the xylopyranose ring (Kostryukov et al., 2023), C-O 

stretching in R-OH form, and C=O dactyl-zone in CO2 form, respectively (Shen et al., 

2010). This result confirmed the dominance of symmetric and asymmetric C-H stretching 

vibration in CH, CH2, and CH3 groups along with the C-H bending vibration of the 

xylopyranose ring. 

Fig. 4.8 (F) shows the comparative ATR-FTIR analysis of hemicellulose extracted using 

different pre-treatment media. From the figure, it can be stated that in the case of H2SO4 

pre-treated hemicellulose, a distinct peak was observed at 1099 cm-1, signifying the 

stretching vibration of the xylopyranose ring (Kastryukov et al., 2023). It was observed 

that the intensity of the peaks was not changed with different media, and also, the loss of 

any existing peak or peak shifting was not found. 

No significant difference in the peaks of hemicellulose was found before and after 

sonication, as shown in Fig. 4.8 (G). Peaks at 3352 cm-1, 1636 cm-1, 1071 cm-1, and 1041 

cm-1 respectively. These peaks represent the presence of O-H stretching vibration, 

bending vibration of crystalline water, and stretching vibration of xylopyranose ring, 

respectively (Kastryukov et al., 2023). 

Fig. 4.8 (H) represents the ATR-FTIR analysis of lignin extracted from sawdust and rice 

husk, respectively. From the figure, it can be stated that peaks at 3349 cm-1, 2969 cm-1, 

2905 cm-1, 1639 cm-1, 1452 cm-1, 1041 cm-1, and 878 cm-1 were observed, respectively. 

The peaks at 2905 cm-1 and 1452 cm-1 indicate the presence of stretching and bending 

vibrations of a methylene group (-CH2-) (Gupta et al., 2015). According to Reyes-Rivera 
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and Terrazas (2017), the peaks at 3449 cm-1, 2969 cm-1, and 1639 cm-1 represent the 

presence of O-H stretching, CH2 asymmetric vibration, and conjugated C-O, respectively. 

It was also reported that C-H asymmetric deformation was detected at a peak of 1452 cm-

1 (Xu et al., 2006). Other peaks observed at 1041 cm-1 referred to the presence of C-O 

stretching (Pandey and Pitman, 2003), and 878 cm-1 indicates C-H deformation (Chen et 

al., 2010). Other than these peaks, another distinct peak was found at 954 cm-1 in the case 

of lignin extracted from rice husk. This peak represents =CH out-of-plane deformation 

(Reyes-Rivera and Terrazas, 2017). Another peak at 1085 cm-1 found in lignin extracted 

from sawdust indicates the presence of C-O stretching vibrations. 

Another observation made from Fig. 4.8 (I) was the effect of pre-treatment media on the 

properties of extracted lignin. In the case of acid-treated lignin, two distinct peaks at 1188 

cm-1 and 1082 cm-1 were found, respectively. As reported by Casas et al. (2011), the peak 

at 1082 cm-1 represents C-O deformation in secondary alcohols and aliphatic esters. On 

the other hand, the peak at 1188 cm-1 occurred due to the presence of C-O-C vibration 

(Pandey and Pitman, 2003). For alkali-treated lignin, another two distinct peaks were 

found at 1044 cm-1 and 876 cm-1, respectively. The peak at 1044 cm-1 represents the C-O 

stretching of alcohol (Ma et al., 2016), and in the case of 876 cm-1, the presence of p-

hydroxyphenyl unit (Ying et al., 2018). 

In Fig. 4.8 (J), the effect of sonication on the properties of extracted lignin is presented. 

From the figure, it can be stated that no significant sonication effect was observed on the 

surface functional groups of lignin. 
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Figure 4.8: Comparative ATR-FTIR analysis of cellulose extracted (A) from different biomass, (B) by different 
pre-treatment media, (C) by pre-treatment media of different concentrations, (D) applying sonication, 
hemicellulose extracted (E) from different biomass, (F) by different pre-treatment media, (G) applying 

sonication, lignin extracted (H) from different biomass, (I) by different pre-treatment media, (J) applying 
sonication. 
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4.3.12. Crystallographic structure analysis: The crystallographic structure analysis of 

extracted products was studied by XRD analysis. Fig. 4.9 (A) presents the comparative 

XRD pattern of cellulose extracted from sawdust and rice husk. In both the cellulose 

samples, a prominent major peak was observed at 2Ө= 22.29o. Two independent studies 

reported similar peaks of cellulose at 2Ө= 22o (Zhao et al., 2007) and 20o (Louis and 

Venkatachalam, 2020), respectively. Another study conducted by Kim et al. (2013) also 

reported that Iβ cellulose exhibited a peak at 2Ө= 22o. The mentioned studies reported 

that these peaks represent the crystallographic plane of cellulose. From Fig. 4.9 (A), it 

can also be stated that the intensity of crystallinity is highly influenced by the nature of 

raw materials. In the case of cellulose extracted from sawdust shows other peaks are 

observed at 2Ө= 14.91o, 24.50o, 30.10o, and 45.84o, respectively. Foner and Adan (1983), 

reported the peak at 2Ө= 14.91o is a secondary peak that can disappear as the major peak 

become a hump after proper degradation of cellulose. This explanation supports the XRD 

pattern of cellulose extraction from sawdust. Escobar et al. (2022) reported the presence 

of an amorphous halo at 2Ө= 30.10o detected by the XRD detector. This study also 

reported that another peak at 2Ө= 45.84o is associated with the (200) plane of cellulose I 

crystal structure and is part of a broader amorphous background in the cellulose XRD 

pattern. 

From Fig. 4.9 (B), the effect of pre-treatment media on the crystallinity of cellulose is 

presented. From the figure, it can be stated that the cellulose extracted from the alkaline 

pre-treatment process shows more prominent peaks at 2Ө= 14.91o and 30.10o respectively 

compared to the cellulose extracted from the acidic pre-treatment method. This 

observation signifies the amorphous nature of cellulose increased after the alkaline 

pretreatment, indicating a more promising delignification process. This observation also 

supports the data of the anthrone test of this work, as explained in section 4.3.6. Another 

Fig. 4.9 (C) represents the effect of sonication on the crystallinity of extracted cellulose. 

From the figure, it can be stated that though the quantity has increased after the sonication 

of biomass, no significant change in the crystallographic profile was observed. 

Fig. 4.9 (D) presents the XRD pattern of hemicellulose extracted from biomass. From the 

figure, several peaks, viz., 2Ө= 13.73o, 15.19o, 24.55o, 38.21o, 47.31o, and 52.94o, were 

observed. The characteristic peak of hemicellulose was reported to be at 2Ө= 18.9o (Louis 

and Venkatachalam, 2020). In this study, the peak was found at 2Ө= 15.19o, signifying 

the presence of hemicellulose in the extracted sample. Liang and Wang (2017) reported 



61 
 

that the peaks at 2Ө= 13.73o and 15.19o represent the amorphous nature of hemicellulose. 

The peak at 2Ө= 24.55o signifies the scattering from the amorphous region of 

hemicellulose, which can be associated with chain packing distances. Another peak at 

2Ө= 38.21o, 47.31o, and 52.94o is associated with the partial crystallisation of the sample. 

In the case of lignin, the crystalline characterisation is presented in Fig. 4.9 (E). This 

figure shows the promising peaks of lignin at 2Ө= 27.23o, 31.68o, 45.16o, 56.25o, and 

75.04o, respectively. Goudarzi et al. (2014) reported that the peaks at 2Ө= 27.23o, 31.68o 

typically represent the amorphous nature of the sample. According to the same study, the 

peaks at 2Ө= 45.16o and 56.25o are associated with the semicrystalline region of lignin. 

Also, the peak at 2Ө= 75.04o represents the highly ordered structure present in the lignin 

sample. Overall, from the XRD analysis of lignin, it can be stated that the sample is 

amorphous with some highly ordered domains present inside the substrate. 
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The % of crystallinity was also calculated in the case of all the samples and is presented 

in Table 4.2. 

 

Sample Crystallinity % 

Rice husk cellulose 19.37 

Sawdust cellulose 25.56 

Acid-treated cellulose 24.01 

Alkali-treated cellulose 13.10 

Non sonicated cellulose 11.23 

Sonicated cellulose 15.17 

Hemicellulose 11.06 

Lignin 9.58 

 

From the table, it can be stated that the crystallinity % of cellulose is dependent on the 

nature of the raw biomass. For cellulose extracted from sawdust, the crystallinity was 

observed to be 25.56%, which is comparatively higher than the cellulose extracted from 

Figure 4.9: XRD analysis of cellulose extracted (A) from different biomass, (B) by different pre-treatment 
media, (C) applying sonication, (D) extracted hemicellulose, and (E) extracted lignin from biomass. 

Table 4.2: Crystallinity percentage of extracted samples 
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rice husk with a crystallinity of 19.37%. It was also observed that for acid-treated 

cellulose, the crystallinity% was 24.01%, significantly compared than alkali-treated 

cellulose with a crystallinity% of 13.10. These observations also match the data observed 

from the XRD curve of the components. The effect of sonication on the crystallinity of 

cellulose was also observed. By applying sonication, the crystallinity% increased from 

11.23% to 15.17%. The increase in the crystallinity% indicates a more efficient 

delignification of raw biomass. The crystallinity% of hemicellulose and lignin was found 

to be 11.06% and 9.58%, respectively. 

The orientation of the plane inside the crystalline lattice and interplanar distance were 

calculated from Bragg’s equation. The Miller’s indices of extracted products and the 

interplanar distance (d) are presented in Table 4.3. 

 

Sample λ (Å) 2Ө Ө Sin(Ө) dhkl (Å) (h k l) 

Cellulose 1.5481 21.752 10.876 0.188859 4.098563 (1 1 1) 

Hemicellulose 1.5481 38.151 19.0755 0.32688 2.367997 (2 2 0) 

Lignin 1.5481 45.16 22.58 0.383885 2.016359 (2 2 2) 

 

From the table, it can be stated that in cellulose, the orientation plane cuts the X, Y, and 

Z axes in 1, 1 and 1 positions, respectively. For hemicellulose, the orientation plane is 

parallel with the Z-axis, and the X and Y axes were cut by the plane in 
ଵ

ଶ
, and 

ଵ

ଶ
 position. 

In the case of lignin, the plane cuts the X, Y and Z axes in 
ଵ

ଶ
,

ଵ

ଶ
 and 

ଵ

ଶ
 position. From this 

data, it can be observed that only the crystal lattice of cellulose intercepts one of the 

coordinates on the negative side with the interplanar distance of 4.09 Å. Following that, 

the interplanar distance of hemicellulose and lignin was found to be 2.36 Å and 2.01 Å, 

respectively. 

4.3.13. Scanning Electron Microscopy (SEM): The scanning electron microscopy 

(SEM) analysis was performed to understand the surface morphology of extracted 

products. From Fig. 4.10 (A) and (B), the sonication's effect on cellulose's surface 

morphology can be observed. As presented in the figures, it can be stated that the surface 

morphology of cellulose changes significantly after the application of sonication. Rosli 

et al. (2013) reported that chemical treatment affects the surface morphology of cellulose. 

Table. 4.3: Orientation of crystalline plane and interplanar distance 



64 
 

In that study, it was observed that before any treatment of the raw materials, a bundle of 

fibres appeared bonded together by non-cellulosic components. On the other hand, SEM 

analysis of pre-treated biomass displayed a rougher cellulose structure and delignification 

by the removal of non-cellulosic materials (Mtibe et al., 2014). In the current study, it 

was observed that after sonication, further modification of the cellulose surface appeared. 

In Fig. 4.10 (B), more ruptures and roughness on the cellulose surface were observed 

compared to Fig. 4.10 (A), which represents cellulose without sonication treatment. 

Krishnamachari et al. (2011) reported that the SEM analysis of cellulose extracted from 

softwood exhibits a fibrillar structure, also supported by the observation of this study. It 

was also reported that the shape of these cellulose particles has a non-isometric structure 

(Das et al., 2010). 

Figure 4.10 (C) presents the SEM image of hemicellulose. From the image, it can be 

stated that the extracted hemicellulose exhibits a crystal-like structure with a rough 

surface. In a previous study, it has been reported that the structure of hemicellulose 

depends on the type (Haimer et al., 2010). Also, Peng et al. (2012) reported that the 

presence of Xylan backbone can result in a tightly resembled structure. From the 

observation of this study, it can be stated that the Xylan removal by the pre-treatment was 

significant, as no tightly packed structure was observed. In Fig. 4.10 (D), the SEM image 

of extracted lignin is presented. From the figure, it can be stated that the extracted lignin 

exhibits an irregular structure with an uneven structure. Koo et al. (2012) reported the 

SEM analysis of lignin droplets, representing similar results to this study. The uneven 

and rough surface has resulted from the release of gaseous materials trapped in the lignin 

process during drying (Sharma et al., 2004). Ibrahim et al. (2010) reported a similar 

structure of lignin extracted from biomass by steam-explosion. 
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4.3.14. Elemental composition analysis: The elemental analysis of the extracted 

products was performed using CHNS and energy-dispersive X-ray spectroscopy (EDAX) 

analysis, respectively.  

4.3.14.1. Surface elemental composition: The elemental composition of the surface of 

extracted products was detected by EDAX analysis. The result of this study is presented 

in Table 4.3. As a supplementary to the analysis, Fig. 4.11 represents the EDAX graph of 

the mentioned components. From the data gathered by EDAX analysis, it can be stated 

that the surface of the extracted products is mainly composed of carbon and hydrogen, an 

efficient raw material for different secondary product synthesis. 

 

Extracted Products Carbon atomic % Oxygen atomic % Silica atomic % 

Cellulose 63.45 36.55 - 

Hemicellulose 57.38 42.63 - 

Lignin 77.07 21.95 0.98 

 

Figure 4.10: SEM images of extracted (A) cellulose without sonication, (B) cellulose with sonication, (C) 
hemicellulose, and (D) lignin. 

Table 4.4: EDAX analysis of extracted products 
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4.3.14.2. Total elemental composition: The total elemental composition of the extracted 

products is analysed by a CHNS analyser. As presented in Fig. 4.12, it can be stated that 

the majority % of the products are carbon with 45.46%, 33.19%, and 29.14% in the case 

of cellulose, hemicellulose, and lignin, respectively. The second highest component was 

hydrogen, with 3.9%, 4.37%, and 5.71% respectively for the products mentioned above. 

In the case of nitrogen, the highest weight% was found in the case of cellulose, to be 

1.7%, and for sulphur, the weight% is negligible at less than 1%. Hence, from the 

elemental analysis, it can be stated that these materials are capable of biofuel synthesis 

and the production of different derivatives as secondary value-added products. 

 

 

 

 

 

 

 

 

Figure 4.11: EDAX analysis of (A) cellulose (B) hemicellulose, and (C) lignin. 

Figure 4.12: CHNS analysis of different extracted compounds. 
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4.4. Conclusion:  

Several studies have been performed before that focused on the usage of lignocellulosic 

biomass for different value-added product extraction. This study mainly focuses on the 

usage of sawdust and rice husk to extract cellulose, hemicellulose, and lignin, 

respectively, by chemical pre-treatment method as well as sonication in a single pathway. 

Furthermore, the production of different derivatives, viz., furfural, xylan, and bioethanol, 

was also investigated in this work. From the result, it was found that treating the raw 

material with acid and alkaline solutions effectively separates the products from the raw 

material, and sonication significantly affects the process. From the anthrone test, it was 

observed that for rice husk, the highest yield of cellulose was found in the 

RH_4%_NaOH_S sample with a value of 899.62 mg/g. For sawdust, the cellulose yield 

was 958.88 mg/g from an SD_4%_NaOH_S sample. After saccharification, it was found 

that 24.84 mg/g of TRS content was produced from SD_4%_H2SO4_S. In the case of rice 

husk, the highest TRS yield was observed in the RH_2%_NaOH_S sample with a value 

of 20.02 mg/g. The highest ethanol content in this study was observed to be 3.24 mg/g 

synthesised from an SD_6%_ H2SO4_NS sample. The highest furfural was synthesised 

from 16.98 % from 3g/100 mL RH_4%_NaOH_S after 20 min. of hydrothermal 

treatment. From this study, it was observed that different value-added products can be 

extracted effectively from biomass by the physicochemical pre-treatment method. 

However, the extraction yield is low compared to conventional energy sources and is 

under research by the scientific community. The potential of the biotic waste materials is 

not only bound by the value-added product extraction but also extends its spectrum 

towards wastewater treatment. The application of these materials in wastewater treatment 

is investigated in the later chapters of this thesis. 
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Chapter: 5 

PREPARATION OF POLYVINYL ALCOHOL AEROGEL AND ITS 

APPLICATION IN WASTEWATER TREATMENT 

5.1. Introduction:  

With the advancement of technology and the spontaneous growth of industry, the 

consumption of environmental resources is increasing. Apart from the consumption, the 

exploitation of these resources is making it a serious issue. From the governments of 

different nations, international bodies, and the research community to the common 

people, these issues are highlighting themselves and demanding a sustainable solution. 

Over the decades, among these problems, one of the main problems human societies have 

faced is water pollution. Using water for different purposes and disposing of it without 

proper treatment is causing rapid degradation of the environment. 

To treat this wastewater, several studies have been conducted using adsorption (Rashid 

et al., 2021), bioremediation (Saeed et al., 2022), membrane filtration (Hube et al., 2020), 

ion exchange (Swanckaert et al., 2022), and coagulation-flocculation (Zhao et al., 2021). 

However, being the most conventional method, adsorption has been investigated 

extensively in recent times. Different types of adsorbents, viz., biochar (Wang et al., 

2020), cellulose-based materials (Peng et al., 2020), silica (Silva et al., 2021), metal-

organic framework (Liu et al., 2023), nanomaterials and nanocomposites (Tripathy et al., 

2024), and polymeric materials (Otero and Coimbra, 2025). Another emerging adsorbent, 

being utilised for wastewater treatment, is aerogel. 

Being a material with exclusive properties, aerogel has a wide range of applications. In 

1931, S. Kistler first developed silica aerogel by extracting liquid from silica gel and 

converting it to a solid material with high porosity (Kistler, 1931). From then, different 

types of aerogels, viz., SiO2-based aerogel, carbon-based aerogel (Maleki, 2016), and 

organic-based aerogel (Tao et al., 2008) were developed and explored. Despite this 

extensive research, the production of aerogel is facing several challenges like, its fragile 

nature and high cost. One of the main responsible processes for these problems is the 

critical drying of aerogel to extract the liquid. 

In this study, polyvinyl alcohol (PVA) based aerogels were developed without solution 

substitution and critical drying, and biomass was used to prepare different fillers for the 
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aerogels. The efficiency of these gels for wastewater treatment was investigated, and the 

effect of the presence of different fillers was also observed. Different physical properties 

of the prepared aerogels were also identified in detail, along with their selectivity for 

pollutants, to understand the detailed profile of wastewater treatment. 

5.2. Materials and Methods: 

5.2.1. Materials: Polyvinyl alcohol (PVA), glutaraldehyde, hydrochloric acid (HCl), 

sodium hydroxide (NaOH), nitric acid (HNO3), acetone, and hydrogen peroxide (H2O2) 

were purchased from Merck (Germany). Methanol, naphthalene, acenaphthene, phenol, 

phenanthrene, pyrene, anthracene, lead nitrate (Pb(NO3)2), potassium dichromate 

(K2Cr2O7), hydrogen fluoride (HF), methylene blue, aniline blue, and congo red were 

purchased from Loba chamie (India). Kerosene oil was purchased from the local market 

of Jadavpur, India and all the materials were used as received. 

5.2.2. Preparation of fillers: Three different components, viz., cellulose, biochar, and 

silica, were extracted from sawdust and rice husk. These materials were considered as the 

filler of PVA aerogels. 

5.2.2.1. Preparation of cellulose: Cellulose was extracted using the process as described 

in section 4.2.3, and the cellulose content was analysed by performing an anthrone test 

as described in section 4.2.4 of chapter 4. One type of cellulose from each raw material 

with the highest cellulose concentration was selected for further modification. For further 

modification of cellulose, 50% (v/v) H2O2 was used. 

To prepare the solution, 50 mL of H2O2 was poured into an Erlenmeyer flask, and water 

was mixed into it in a 1:1 (v/v) ratio. The solution was stirred on a magnetic stirrer for 15 

min. Following that, the previously extracted cellulose was poured into the solution in a 

10 g/ 100 mL concentration and again mixed on a magnetic stirrer for 1 hr. After the 

cellulose particles were properly suspended, the mixture was again stirred for 30 min. at 

363 K. In this step, bleaching of cellulose was observed as the colour converter from 

brown to white. As the bleaching was completed, the solution was cooled down to room 

temperature, and the solid biomass was collected. The biomass was washed with DI water 

and dried in a hot air oven at 333 K. 

5.2.2.2. Preparation of biochar: To prepare biochar from the waste biomass, the 

biomass was placed tightly inside an enamel crucible. The crucible was then placed inside 
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a muffle furnace and heated at 874 K for 3 hr. to pyrolyse the sample. After the pyrolysis 

was completed, the carbonaceous biochar was collected and treated with 4% (w/v) NaOH 

solution for 2 hr. at 363 K. 

For this treatment, 4 g of NaOH beads were measured using a weighing machine 

(Sartorius, Germany) and dissolved in 90 mL of DI water on a magnetic stirrer. After the 

solution was prepared, it was poured into a volumetric flask, and DI water was added to 

make the volume 100 mL. Following that, 5 g of biochar was measured using a weighing 

machine (Sartorius, Germany) and mixed with the NaOH solution inside an Erlenmeyer 

flask. The mixture was placed on a magnetic stirrer and stirred for 2 hr. at 90oC. After the 

treatment was completed, the mixture was cooled down to room temperature, and the 

solid biochar was collected. Following that, the biochar was washed with DI water to 

make the pH neutral and dried in a hot air oven at 334 K. 

5.2.2.3. Extraction of silica: To extract silica from biomass, the raw biomass was placed 

inside an enamel crucible and burnt in a muffle furnace at 1073 K for 2 hr in the presence 

of oxygen. After it was completely converted to ash, the burnt biomass was collected and 

treated with 12% (w/v) NaOH solution at 363 K. 

For this treatment, 12 g of NaOH beads were measured using a weighing machine 

(Sartorius, Germany) and dissolved in 90 mL of DI water on a magnetic stirrer. After the 

solution was prepared, it was poured into a volumetric flask, and DI water was added to 

make the volume 100 mL. The burnt biomass was added to the solution inside an 

Erlenmeyer flask, maintaining the ratio of ash and NaOH solution in a 1:7 (w/v) ratio. 

The mixture was placed on a magnetic stirrer and stirred at 363 K till the solution became 

transparent. In this step, the silicon, present in the ash, reacts with NaOH and produces 

sodium silicate (Na2SiO3), also known as water glass. After the treatment was completed, 

the solution was cooled down to room temperature and filtered using a filter paper 

(Whatman 41) with a diameter of 110 mm. The clear filtrate was collected and again 

placed on a magnetic stirrer. While stirring, concentrated HCl was added to the solution 

by a dropper. The sodium silicate reacted with the acid and created a white precipitate of 

silicon dioxide or silica. After precipitation, the solution was again filtered using a filter 

paper (Whatman 41) with a diameter of 110 mm and the silica was collected. Following 

that, it was washed with DI water and dried in a hot air oven at 60oC. 
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5.2.3. Preparation of aerogel: The aerogels were prepared by using PVA as the gel 

matrix. 5 g of PVA powder was measured using a weighing machine (Sartorius, Germany) 

and dissolved in 100 mL of DI water, taken in a beaker on a magnetic stirrer at 90oC. 

After the PVA was completely dissolved, the solution was cooled down to room 

temperature and 1 mL of glutaraldehyde was added to it. The solution was again mixed 

on a magnetic stirrer for 15 min. After proper mixing of glutaraldehyde, 1 mL of 

concentrated HCl was added to the solution. The solution was again stirred on a magnetic 

stirrer for 15 min. at room temperature and then at 363 K till the PVA solution was 

converted to a hydrogel. As the hydrogel was prepared, it was cooled down to room 

temperature and stored inside a refrigerator (Cell Frost) at 278 K for 24 hr. After 24 hr., 

the hydrogel was placed inside a lyophilisation chamber, and the lyophilizer (EYELA, 

FDU-1200) was used to extract the water and convert the hydrogel to aerogel. After the 

aerogels were prepared, they were collected and stored inside a dry container for further 

use. 

For preparing PVA aerogels with immobilised filler, the same protocol was used, but 

before adding glutaraldehyde to the solution, 1 g of filler material, viz., cellulose, silica, 

or biochar, was measured using a weighing machine (Sartorius, Germany) and added to 

the solution. The mixture was stirred on a magnetic stirrer for 30 min. for proper mixing 

of the filler material.  

In this process total of six aerogels, viz., PVA, PVA-rice husk cellulose (PVA-RHC), 

PVA-sawdust cellulose (PVA-SDC), PVA-rice husk biochar (PVA-RHBC), PVA-sawdust 

biochar (PVA-SDBC), PVA-silica (PVA-Si), were prepared. 

5.2.4. Characterization of aerogels: Characterization is a vital step for research to 

understand the structure and properties of any substance. The crystallographic profiling, 

functional group analysis, elemental composition, thermal profiling, and surface 

morphology of the extracted fillers and prepared aerogels were studied. Also, different 

physical characteristics, viz., porosity, density, moisture content, swelling property, and 

the effect of temperature, salinity, and pH were investigated. 

5.2.4.1. Crystallographic structure analysis: The crystallographic structure of the 

prepared aerogels was analysed by X-Ray Diffraction (XRD) study as described in 

section 4.2.9.2 of chapter 4. 
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5.2.4.2. Functional group analysis: To analyse the functional groups present on the 

surface of aerogels, ATR-FTIR was performed as described in section 4.2.9.3 of chapter 

4. 

5.2.4.3. Surface morphology analysis: The surface morphology of aerogels was 

analysed by scanning electron microscopy (SEM), as described in section 4.2.9.4 of 

chapter 4. 

5.2.4.4. Elemental analysis: To study the elemental composition of the surface, energy 

dispersive X-ray analysis (EDAX) was performed as described in section 4.2.9.5 of 

chapter 4. 

5.2.4.5. Thermal profiling: To study the thermal profile of prepared samples, 

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and 

differential thermal analysis (DTA) were performed. These analyses were conducted 

using a TGA analyser (PerkinElmer, TGA-4000, USA). The TGA analysis was performed 

using an Argon (Ar) atmosphere in an alumina crucible. The temperature range of 40oC 

to 800oC was considered in this study with a ramping rate of 20oC/ min. The data was 

analysed by using Origin (2018) software. 

5.2.4.6. Microscopic analysis: Apart from SEM, the microscopic analysis of aerogels 

was performed to understand the surface morphology of aerogels. A fluorescent 

microscope (Dewinter, Fluorex-LED) was used to observe the microscopic structure of 

the prepared aerogels. The small pieces of aerogels were placed on the stage of the 

microscope and were magnified at 40x to study the evenness of the surface, and the 

presence of pores and filler particles. 

5.2.4.7. Physical properties analysis: To understand the physical properties of prepared 

aerogels, density, porosity, moisture content, swelling property, and the effect of 

temperature, salinity, and pH on the aerogel were studied. 

5.2.4.7.1. Density analysis: To measure the density of the prepared aerogels, 50 mL of 

DI water was taken into a measuring cylinder. 1 g of each aerogel was measured using a 

weighing machine (Sartorius, Germany) and submerged in water. When the aerogel was 

submerged in the water, with submerged aerogel the final volume of the water was 

calculated. The density of the prepared aerogel was calculated using equation (5.1). 
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𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑒𝑟𝑜𝑔𝑒𝑙 =
ெ௔௦௦ ௢௙ ௔௘௥௢௚௘௟

ி௜௡௔௟ ௩௢௟௨௠௘ ௢௙ ௪௔௧௘௥ିூ௡௜௧௜௔௟ ௩௢௟௨௠௘ ௢௙ ௪௔௧௘௥ 
……………. (5.1) 

5.2.4.7.2. Porosity analysis: To calculate the skeletal density of the aerogels, the skeletal 

density of PVA and the fillers was calculated. 1 g of each component was measured using 

a weighing machine (Sartorius, Germany). The gap between the particles was decreased 

by applying pressure, and the volume was calculated. From the volume and weight, the 

skeletal density of the component was calculated. 

The density of the aerogels was calculated as mentioned in section 5.2.4.7.1. To calculate 

the porosity, equation (5.2) was used (Ferrero, 2007). 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑒𝑟𝑜𝑔𝑒𝑙 = 1 −
஽௘௡௦௜௧௬ ௢௙ ௔௘௥௢௚௘௟

ௌ௞௘௟௘௧௔௟ ௗ௘௡௦௜௧௬ ௢௙ ௙௜௟௟௘௥௦ 
……………… (5.2) 

5.2.4.7.3. Swelling test: To study the swelling behaviour of the prepared aerogel, 1 g of 

aerogel was measured using a weighing machine (Sartorius, Germany) and submerged in 

100 mL of DI water in an Erlenmeyer flask. The submerged aerogels were left for 2 hr. 

in the water, and following that, they were collected, and the final weight was measured. 

The water uptake by the aerogels was calculated by equation (5.3). 

% 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 =
ௐ௘௜௚௛௧ ௗ௜௙௙௘௥௘௡௖௘

ூ௡௜௧௜௔௟ ௪௘௜௚௛௧
𝑥100……………….. (5.3) 

5.2.4.7.4. Moisture content: The moisture content of the aerogels was also investigated 

in this study. To determine the moisture content, 1 g of the aerogel was measured using a 

weighing machine (Sartorius, Germany) and placed inside a hot air oven for 1 hr. at 60oC. 

After the heat treatment, the aerogels were collected, and the final weight was measured. 

The water content was calculated using equation (5.4). 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
ௐ௘௜௚௛௧ ௕௘௙௢௥௘ ௛௘௔௧௜௡௚ିௐ௘௜௚௛௧ ௔௙௧௘௥ ௛௘௔௧௜

ூ௡௜௧௜௔௟ ௪௘௜௚௛
𝑥100…………… (5.4) 

5.2.4.7.5. Effect of temperature: The effect of temperature on the surface chemistry of 

aerogels was studied by treating the aerogels with heat. 1 g of the aerogel was measured 

using a weighing machine (Sartorius, Germany) and placed inside a hot air oven for 1 hr. 

at 60oC. After the heat treatment, the aerogels were collected and characterised by ATR-

FTIR analysis (PerkinElmer, Spectrum-2, USA). A wavelength range of 500-4000 cm-1 

with a transmission rate of 4 cm/sec was considered. The data was analysed and 

functional groups were detected by using Origin (2018) software. 
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5.2.4.7.6. Effect of salinity: To study the effect of salinity on the aerogel surface, the 

prepared aerogels were treated with 10% (w/v) NaCl solution. To prepare the solution, 

10 g of NaCl was measured using a weighing machine (Sartorius, Germany) and taken in 

an Erlenmeyer flask. 90 mL of DI water was added to it and mixed on a magnetic stirrer. 

After the solution was prepared, 1 g of aerogel was added to the solution and treated for 

1 hr. Following that step, the treated aerogels were collected and dried in open air at room 

temperature. The change in the aerogel surface was monitored by analysing it with an 

ATR-FTIR (PerkinElmer, Spectrum-2, USA). A wavelength range of 500-4000 cm-1 with 

a transmission rate of 4 cm/sec was considered. The data was analysed, and functional 

groups were detected by using Origin (2018) software. Also, the % weight loss of the 

aerogels was calculated using equation (5.5) after treating them with 10% (w/v) NaCl 

solution. 

% 𝑜𝑓 𝑤𝑒𝑖𝑔ℎ𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
ௐ௘௜௚௛  ௗ௜௙௙௘௥௘௡௖௘

ூ௡௜௧௜௔௟ ௪௘௜௚௛௧
𝑥100………….... (5.5) 

5.2.4.7.7. Effect of pH: Five different pH solutions, viz., 2,4,6,8, and 10, were prepared 

by adjusting the pH of DI water. pH of the water was maintained by using a pH meter 

(TestR-35, Eutech, USA) and adjusted at the desired pH using 0.1 (M) NaOH and 0.1 

(M) HCl buffer solutions. 1 g of the prepared aerogels was submerged in the 100 mL 

solution and treated for 2 hr. After treatment, the aerogels were collected and dried in the 

open air at room temperature. The final weight of the treated aerogels was measured using 

a weighing machine (Sartorius, Germany), and the % of weight loss was calculated using 

equation (5.7) as mentioned in section 5.2.5.12. The change in the aerogel surface was 

examined by using an ATR-FTIR (PerkinElmer, Spectrum-2, USA). A wavelength range 

of 500-4000 cm-1 with a transmission rate of 4 cm/sec was considered. The data was 

analysed and functional groups were detected by using Origin (2018) software. 

5.2.4.7.8. The oil absorption capacity of the aerogel: To understand the oil absorption 

capacity of the prepared aerogels, 100 mL of kerosene oil was measured by a measuring 

flask and transferred into an Erlenmeyer flask. The aerogel was measured by a weighing 

balance (Sartorius, Germany) and added to the oil in a 1 g/L dose. The flask was placed 

on a table at room temperature and the time was monitored, that was required to absorb 

the oil by the aerogel. Also, oil was added to the system continuously to understand the 

maximum absorption capacity of aerogels. 
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5.2.5. Adsorption of pollutants from aqueous system by aerogel: The adsorption of 

pollutants from the water solution by aerogel was performed with a batch study. Different 

parameters in this experiment were optimised to study their effect on the adsorption 

process. Response Surface Methodology (RSM) was utilised to optimise the adsorption 

process, and modelling of the data was performed to understand the underlying 

phenomena of the adsorption. 

5.2.5.1. Preparation of pollutant solution: In this study, three organic pollutants, 

naphthalene, acenaphthene, and phenol, were used as the pollutants of interest. 

5.2.5.1.1. Preparation of naphthalene solution: 10 mg of naphthalene was measured 

using a weighing machine (Sartorius, Germany) and taken into an Erlenmeyer flask. 5 

mL of acetone was added to the naphthalene and stirred on a magnetic stirrer to 

completely dissolve the naphthalene in acetone. After the solution was prepared, 900 mL 

of DI water was added to the solution and again stirred for 30 min. at 333 K to eliminate 

the acetone from the solution. After the acetone was removed, the solution was cooled 

down to room temperature and poured into a measuring cylinder. DI water was added to 

it to make the volume 1 L. This 10 mg/L naphthalene solution was used as the stock 

solution, and the rest of the desired concentrations were made by diluting it. 

5.2.5.1.2. Preparation of acenaphthene solution: The acenaphthene solution was 

prepared following the same process as the naphthalene solution, described in section 

5.2.4.1. 

5.2.5.1.3. Preparation of phenol solution: 10 mg of crystalline phenol was measured 

using a weighing machine (Sartorius, Germany) and taken into an Erlenmeyer flask. 900 

mL of DI water was added to it and stirred on a magnetic stirrer until the phenol was 

completely dissolved. After preparing the solution, it was poured into a volumetric flask, 

and DI water was added to make the volume 1 L. This 10 mg/L phenol solution was used 

as the stock solution, and the rest of the desired concentrations were made by diluting it. 

5.2.5.2. Experimental Procedure: The previously prepared pollutant solutions 

(mentioned in section 5.2.5.1) were used for the batch study in this research. To perform 

the batch study, 100 mL of each solution was taken into an Erlenmeyer flask, and the 

aerogels of the desired weight were measured using a weighing machine (Sartorius, 

Germany). The aerogel was added to the solution and treated inside a BOB shaker 

incubator for 180 min. Samples were collected in a pre-determined interval and analysed 
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by a UV-Vis spectrophotometer (PerkinElmer, USA) as well as an HPLC machine 

(Waters model- 2489). The detailed specification of the analysis is mentioned in section 

5.2.5.2. For the baseline study, the pollutant concentration was 5 mg/L, and the dose of 

adsorbent, pH, and temperature were maintained at 1 g/L, 7, and 303 K, respectively. For 

the detailed batch study, the pollutant concentration (1 mg/L- 10 mg/L), dose of 

adsorbents (0.5 g/L- 1.5 g/L), pH (2-10), and temperature (298 K- 313 K) were varied to 

study their effect on the adsorption process. 

The percentage removal of the pollutants was calculated by equation (5.6) 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 % =   
஼బି஼೟

஼బ
𝑥100…………… (5.6) 

Where C0 is the initial concentration (mg/L) of pollutant in aqueous solution, Ct is the 

concentration (mg/L) of pollutant after the adsorption performed for time t. 

5.2.5.3. Isotherm analysis of adsorption process: The adsorption isotherm model was 

performed to understand the equilibrium performance of the adsorbents when the 

temperature was constant. The result of this batch study, conducted over the variable 

conventions and constant temperature, was utilised to analyse the isotherm of the process. 

Two isotherm models, namely Langmuir and the Freundlich models, were explored to 

understand the behaviour of the process. In this study and during the model analysis, it 

was assumed that the whole surface of the aerogel with or without fillers acted as an 

adsorbent. 

5.2.5.3.1. Langmuir isotherm model: The Langmuir isotherm model assumes that 

during adsorption, the adsorbate molecules form a single layer on the adsorbent particles 

to get attached. This layer formation is known as monolayer adsorption. As per the 

assumptions, the adsorption occurs at identical sites, and each molecule contributes a 

homogeneous and equal activation energy and constant enthalpy. To analyse the 

Langmuir isotherm model, the linear form of the equation was considered and presented 

as equation (5.7). 

஼೐

௤೐
=  

ଵ

ொబ௕
+

஼೐

ொబ
………. (5.7) 

Where Ce (mg/L) is the equilibrium concentration of adsorbate, qe (mg/g) is the 

theoretical maximum adsorption capacity, Qo (mg/g) is the maximum monolayer 

coverage capacity, and b (L/mg) is the Langmuir coefficient. 
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5.2.5.3.2. Freundlich isotherm model: In the case of this model, a multilayered 

adsorption process and an exponential distribution of the active site and active site energy 

are considered. According to the Freundlich isotherm, the adsorption heat and affinities 

are not considered to be evenly distributed throughout the heterogeneous surface of the 

adsorbent. The non-linear form of the adsorption model is presented as equation (5.8). 

ln(𝑞௘) =  
ଵ

௡௙
ln(𝐶௘) + ln(𝑘௙)…………. (5.8) 

Where nf is the adsorption intensity and kf (mg/g) is the Freundlich coefficient of 

adsorption capacity. Ce and qe are the same as mentioned in equation (5.7). 

5.2.5.4. Kinetics analysis of adsorption process: Adsorption kinetics analysis is 

significant to understand the time required for the adsorption to reach equilibrium and 

information about the adsorption pathway and mechanism. The adsorption process is 

divided into four steps: 

a. Bulk diffusion: In this step, the adsorbate molecule enters from the solution to a liquid 

film surrounding the adsorbent surface. 

b. External diffusion: During this process, the adsorbate molecule diffuses throughout the 

thin liquid film. 

c. Internal diffusion/ Intraparticle diffusion: In this process, the adsorbate molecule is 

transferred from the liquid film to the surface of the adsorbent. This process involves two 

mechanisms, viz., pore diffusion and surface diffusion. 

d. Interaction of adsorbate particles and adsorbent surface, either by physisorption or 

chemisorption. Desorption (reverse adsorption) is also included in this step. 

The first and fourth steps are fast, whereas the second and third steps are slow. The overall 

rate of reaction is determined by the slowest of the four steps. To analyse the kinetics of 

the adsorption process, two kinetic models, viz., the pseudo-first-order model and the 

pseudo-second-order model, were adopted. 

5.2.5.4.1. Pseudo-first-order kinetic model: The main assumption of this kinetic model 

is that the rate of change of solute uptake with time is directly proportional to the 

difference in saturation concentration and the amount of solid uptake with time. This 

model also assumes that the sorption only occurs on the localised site and there is no 

interaction between the adsorbed molecules, the concentration of adsorbate is constant 
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during the reaction, surface coverage does not affect the adsorption energy, and 

adsorption is a monolayer process. The linear form of the pseudo-first-order kinetic 

model is presented as equation (5.9). 

log(𝑞௘ − 𝑞௧) = [log 𝑞௘ −  
௞భ

ଶ.ଷ଴ଷ
𝑡] ……….. (5.9) 

Where k1 is the Pseudo-first-order rate constant, qe (mg/g) is the quantity of adsorbate 

adsorbed at equilibrium, and qt is the quantity of adsorbate adsorbed at time t. 

5.2.5.4.2. Pseudo-second-order kinetic model: The Pseudo-second-order kinetic model 

assumes that the rate-limiting step of the adsorption process is the chemisorption, and the 

adsorption rate is dependent on the adsorption capacity of the adsorbent. The linear 

equation of the Pseudo-second-order kinetic model is presented as equation (5.10). 

௧

௤೟
=  

ଵ

௞మ ௤೐
మ

+  
௧

௤೐
…………. (5.10) 

Where k2 is the Pseudo-second-order rate constant, qe and qt are the same as mentioned 

in equation (5.10). 

5.2.5.5. Thermodynamics analysis of the adsorption process: The thermodynamics of 

the adsorption process was studied by the changes of the Gibbs free energy (ΔG; kJ/mol), 

enthalpy (ΔH; kJ/mol), and entropy (ΔG; J-1mol-1K-1). The thermodynamic variables 

were calculated by using the following equations. 

𝐾௖ =  
஼ೌ

஼೐
…….. (5.11) 

Δ𝐺 = 𝑅𝑇 ln 𝐾௖……… (5.12) 
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ோ
ቁ……….. (5.13) 

Where Kc, Ca and T are the distribution coefficient of adsorption, the quantity of pollutant 

adsorbed by a unit mass of adsorbent, and the operational temperature is Kelvin, 

respectively. 

5.2.5.6. Optimisation of adsorption process by Response Surface Methodology 

(RSM): To optimise the adsorption process, response surface methodology (RSM) was 

performed. The experimental model was created by using the Box-Behnken design and a 

second-order system. Being a second-order system, the model followed a quadratic 

equation that was validated by varying different experimental parameters, viz., time (5-
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180 min.), adsorbent dose (0.5g/L -1.5g/L), and pollutant concentration (1 mg/L- 10 

mg/L). Design Expert-13 (Version- 7) software was used for this purpose, and a total of 

seventeen unique combinations of the experimental conditions were investigated. For the 

ANOVA analysis, all the data of the mentioned seventeen runs were collected and fitted 

by using the quadratic equation. From the result of this analysis, the validity of the design 

was established. 

5.2.6. Selectivity study of aerogels: To analyse the selectivity of the aerogel towards 

different types of pollutants eleven adsorbates viz., naphthalene (Naph), phenol (Phe), 

acenaphthene (Ace), anthracene (Ant), pyrene (Pyr), phenanthrene (Phen), congo red 

(CR), methylene blue (MB), aniline blue (AB), chromium (Cr), lead (Pb), and Fluoride 

(F) were chosen respectively. 

5.2.6.1. Preparation of adsorbate solution: As the chosen adsorbates cover a wide 

spectrum of compounds, the solution preparation process varies depending on the 

pollutant. However, each solution was prepared with a concentration of 5 mg/L. 

5.2.6.1.1. Preparation of naphthalene solution: The naphthalene solution was prepared 

following the process described in section 5.2.5.1.1. 

5.2.6.1.2. Preparation of acenaphthene solution: The acenaphthene solution was 

prepared following the process described in section 5.2.5.1.2. 

5.2.6.1.3. Preparation of phenol solution: The phenol solution was prepared following 

the process described in section 5.2.5.1.3. 

5.2.6.1.4. Preparation of anthracene solution: The anthracene solution was prepared 

following the same process as naphthalene described in section 5.2.5.1.1. 

5.2.6.1.5. Preparation of pyrene solution: The pyrene solution was prepared following 

the same process as naphthalene described in section 5.2.5.1.1. 

5.2.6.1.6. Preparation of phenanthrene solution: The phenanthrene solution was 

prepared following the same process as naphthalene described in section 5.2.5.1.1. 

5.2.6.1.7. Preparation of congo red solution: To prepare the congo red solution, 5 mg 

of congo red dye was measured using a weighing machine (Sartorius, Germany) and 

taken into an Erlenmeyer flask. 900 mL of DI water was measured by a measuring 

cylinder and added to it. The flask was placed on a magnetic stirrer under constant 
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rotation to make the dye solution homogenous. After the solution was prepared, it was 

poured into a measuring cylinder, and DI water was added to make the volume 1 L. 

5.2.6.1.8. Preparation of methylene blue solution: The methylene blue solution was 

prepared following the same process as congo red described in section 5.2.6.1.7. 

5.2.6.1.9. Preparation of aniline blue solution: The aniline blue solution was prepared 

following the same process as congo red described in section 5.2.6.1.7. 

5.2.6.1.10. Preparation of chromium solution: 7.07 mg of K2Cr2O7 salt was measured 

using a weighing machine (Sartorius, Germany) and taken into an Erlenmeyer flask. 40 

mL of DI water was added to it and stirred on a magnetic stirrer to make the solution 

homogeneous. After the solution was prepared, taken in a measuring cylinder, and 10 mL 

of DI water was added to make the volume 50 mL. 

To prepare 50 mL of 5 mg/L chromium solution from the previously prepared solution, 5 

mL of the solution was taken, and DI water was added to make the volume 50 mL. 

5.2.6.1.11. Preparation of fluoride solution: 2.63 mg of HF salt was measured using a 

weighing machine (Sartorius, Germany) and taken into an Erlenmeyer flask. 40 mL of 

DI water was added to it and stirred on a magnetic stirrer to make the solution 

homogeneous. After the solution was prepared, taken in a measuring cylinder, and 10 mL 

of DI water was added to make the volume 50 mL. 

To prepare 50 mL of 5 mg/L fluoride solution from the previously prepared solution, 5 

mL of the solution was taken, and DI water was added to make the volume 50 mL. 

5.2.6.1.12. Preparation of lead solution: 3.99 mg of Pb(NO3)2 salt was measured using 

a weighing machine (Sartorius, Germany) and taken into an Erlenmeyer flask. 40 mL of 

DI water was added to it and stirred on a magnetic stirrer to make the solution 

homogeneous. After the solution was prepared, taken in a measuring cylinder, and 10 mL 

of DI water was added to make the volume 50 mL. 

To prepare 50 mL of 5 mg/L lead solution from the previously prepared solution, 5 mL 

of the solution was taken, and DI water was added to make the volume 50 mL. 

5.2.6.2. Experimental Procedure: 50 mL of prepared pollutant solutions (described in 

section 5.2.6.1) with a 5 mg/L concentration were taken in an Erlenmeyer flask. The 

desired weight of aerogel was measured using a weighing balance (Sartorius, Germany) 
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and added to the solutions at a 1 g/L dose. The flasks were placed into a BOD shaker 

incubator (Remi) and treated for 180 min. while keeping pH at 7, and temperature at 

30oC. The samples were collected after the adsorption was completed and analysed to 

determine the final concentration of pollutants in the solutions. 

5.2.6.3. Analysis: The organic pollutants used in this study were analysed by an HPLC 

machine (Waters model- 2489). The final concentration of dyes was measured by a UV-

Viz spectrophotometer (PerkinElmer, USA), and the chromium and lead ions were 

analysed by an ICP-OES (PerkinElmer, USA, Model- 8000). The fluoride concentration 

was measured by a fluoride meter (Orion Star A-214). 

5.2.6.3.1. Analysis of dye: The analysis of dye concentration by using a UV-Viz 

spectrophotometer (PerkinElmer, USA) was performed following the same procedure as 

described in section 5.2.5.2.1. The maximum wavelength (λmax) was 603 nm, 665 nm, 

and 497 nm in the case of aniline blue, methylene blue, and congo red, respectively. 

5.2.6.3.2. Analysis of organic pollutants: The analysis of the final concentration of 

organic pollutants was performed using an HPLC (Waters model- 2489) machine and 

following the process described in section 5.2.5.2.2. 

5.2.6.3.3. Analysis of metal ions: The standard solutions of metal for ICP-OES analysis 

were prepared by diluting the solutions previously prepared (As mentioned in sections 

5.2.6.1.10 and 5.2.6.1.12). Four standard solutions of concentrations 0.1 mg/L, 1 mg/L, 

3 mg/L, and 4 mg/L were prepared, respectively, and passed through a syringe filter 

before analysis by the ICP-OES (PerkinElmer, USA, Model- 8000). A 2% HNO3 solution 

was used as the blank solution for this analysis. Syngistix software was used to determine 

the unknown concentrations from the standard solutions. 

For fluoride analysis, a fluoride meter (Orion Star A-214) was used. Three standard 

solutions with a concentration of 0.1 mg/L, 1 mg/L, and 10 mg/L were prepared by 

dissolving the stock solution previously prepared (mentioned in section 5.2.6.1.11). An 

Orion ion plus filling solution was used as the charge carrier of the detection probe. The 

instrument was calibrated using the standard solutions, and the unknown concentration 

was detected from the calibration curve by submerging the probe in the solution. A 

TISAB-II adjustment buffer was used with a concentration of 1 mL/ 10 mL solution to 

maintain the equal distribution of fluoride ions in the solution. 
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5.2.7. Multipollutant removal study by the aerogels: To study the multipollutant 

removal capacity of the prepared aerogel, naphthalene, acenaphthene, and phenol were 

considered as the pollutants of interest. 

5.2.7.1. Preparation of solutions: To prepare the solutions of naphthalene, 

acenaphthene, and phenol with 5 mg/L concentrations, the same process as described in 

sections 5.2.5.1.1, 5.2.5.1.2, and 5.2.5.1.3. respectively were followed. A total of four 

mixed pollutant solutions, 100 mL each, were prepared by mixing equal volumes of the 

single pollutant solutions into Erlenmeyer flasks. Four solutions, viz., naphthalene-

phenol (N-P), naphthalene-acenaphthene (N-A), acenaphthene-phenol (A-P), and 

naphthalene-acenaphthene-phenol (N-A-P), were prepared to check the removal of these 

pollutants. 

5.2.7.2. Experiment: The prepared aerogel was measured using a weighing balance 

(Sartorius, Germany) and added to the pollutant solution with a 1 g/L dose, which was 

taken inside an Erlenmeyer flask. The solutions were treated inside a BOD shaker 

incubator (Remi) for 180 min. under constant agitation, while other parameters were kept 

constant (pH 7, temperature 303 K). After the treatment was completed, the samples were 

collected and analysed using an HPLC machine (Waters model- 2489). 

5.2.7.3. Analysis: The analysis of the final concentration was performed by following the 

process described in section 5.2.5.2.2. 

5.3. Result: 

5.3.1. Crystallographic profiling: The crystallographic profiling of the filler materials, 

viz., cellulose, silica, and biochar, was performed by XRD analysis and is presented in 

Fig. 5.1 (A), (B), and (C), respectively. From Fig. 5.1 (A), it was observed that two 

distinct peaks were found at 2Ө= 22.36o, and 35.22o. Two independent studies reported 

similar peaks of cellulose at 2Ө= 22o (Zhao et al., 2007) and 20o (Louis and 

Venkatachalam, 2020), respectively. Another study conducted by Kim et al. (2013) also 

reported that Iβ cellulose exhibited a peak at 2Ө= 22o. The mentioned studies reported 

that these peaks represent the crystallographic plane of cellulose. Escobar et al. (2022) 

reported the presence of an amorphous halo at 2Ө= 30.10o detected by the XRD detector. 

This study also reported that another peak at 2Ө= 45.84o is associated with the (200) plane 

of cellulose I crystal structure and is part of a broader amorphous background in the 

cellulose XRD pattern. 



83 
 

From Fig. 5.1 (B), it was observed that in the case of biochar, four peaks at 2Ө= 8.85o, 

17.87o, 28.91o, and 33.72o were found respectively. Xin et al., 2015 reported that a peak 

at 2Ө= 16o was found in the case of biochar, representing the 101 spacing of the 

biomasses.  Another study reported that, for rice husk biochar, a peak at 2Ө= 41o was 

observed (Burachevskaya et al., 2023). The peak at 2Ө= 28.91o and 33.72o represents the 

(220) and (311) crystal planes, respectively, as reported by Santhosh et al. (2020). 

Another peak at 2Ө= 8.85o signifies the amorphous characteristics of the prepared biochar 

(Han et al., 2021). 

Fig. 5.1 (C) represents the XRD analysis of silica. Three significant peaks were observed 

at 2Ө= 22.27o, 34.34o, and 40.51o, respectively. According to Nguyen et al. (2022), the 

peak at 2Ө= 22.27o indicates the amorphous structure of extracted silica. The peak at 2Ө= 

34.34o represents the trace of silicate quartz in the sample. This peak is typically 

associated with the (101) plane of the quartz. On the other hand, the peak at 2Ө= 40.51o 

is attributed to the (200) plane of crystalline silica. This peak typically characterises 

cristobalite, a high-temperature SiO2 polymorph. 

The crystallographic profiling of the prepared aerogels was performed by XRD analysis. 

Fig. 5.1 (D) shows the result of the XRD analysis of the prepared aerogel. From the figure, 

for all the aerogel samples, a peak at 2Ө= 19.3o was observed. Hema et al. (2009) reported 

that this peak is a characteristic peak of the PVA component. From Fig., a change in the 

XRD peak was also observed after adding fillers into the aerogel network. In case of 

PVA-BC aerogel, a new peak was observed at 2Ө= 27o was observed, confirming the 

presence of biochar inside the matrix (Santhosh et al., 2020). In the case of PVA-C 

aerogel, the characteristic peak of cellulose was observed 2Ө= 21.90o (Zhao et al., 2007). 

From the XRD analysis of PVA-Si aerogel, a peak at 2Ө= 26.73o was observed, 

confirming the presence of silica inside the PVA network (Nguyen et al. 2022). 
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The degree of crystallinity of the filler material and the prepared aerogels was calculated. 

From the data presented in Table 5.1, it was observed that the % of crystallinity changed 

significantly after the addition of fillers. From the table, it was observed that both type of 

biochar and silica plays a significant role in increasing the crystallinity of the prepared 

PVA aerogel. In case of normal aerogel, where the % of crystallinity was found to be 

18.40%, in case of biochar, it increased to 37.75% and 41.17% by adding SDBC and 

RHBC, respectively. As a contribution of silica, the % of crystallinity was found to be 

23.45%. On the other hand, being a softer material, cellulose slightly decreased the 

crystallinity % of aerogel after adding it to the network. The crystallinity% % of PVA-

SDC and PVA-RHC aerogels were found to be 16.81% and 17.23%, respectively. 

 

Aerogel % of Crystallinity 

PVA 18.40 

PVA-SDBC 37.75 

PVA-RHBC 41.17 

PVA-SDC 16.81 

PVA-RHC 17.23 

PVA-Si 23.45 

 

Figure 5.1: XRD analysis of (A) cellulose, (B) biochar, (C) silica, (D) aerogels 

Table 5.1: Crystallinity percentage of prepared aerogels 
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The orientation of the plane inside the crystalline lattice and the interplanar distance were 

calculated from Bragg’s equation. The Miller’s indices of prepared aerogels and the 

interplanar distance (d) are presented in Table 5.2.  

 

Aerogels λ (Å) 2Ө Ө Sin(Ө) h, k, l dhkl (Å) 

PVA 1.5481 19.3 9.65 0.167545 (1 1 1) 4.619954 

PVA-SDBC 1.5481 27 13.5 0.233329 (1 2 0) 3.317416 

PVA-RHBC 1.5481 27.62 13.81 0.238584 (1 2 1) 3.244346 

PVA-SDC 1.5481 21.9 10.95 0.189857 (1 1 1) 4.077012 

PVA-RHC 1.5481 22.03 11.015 0.19097 (1 1 1) 4.053248 

PVA-Si 1.5481 26.73 13.365 0.231039 (2 1 0) 3.350306 

 

The table shows that PVA aerogel intersects the X, Y, and Z axes at 1, 1, and 1 position, 

as do both PVA-cellulose aerogels. For PVA-SDBC and PVA-Si aerogels, the unit cells 

are parallel to the Z axis and intersect X and Y axes at 1 and 
ଵ

ଶ
 positions. For PVA-RHBC 

aerogel, the unit cell intersects the X, Y, and Z axes at 1,  
ଵ

ଶ
, and 1 position. From this 

observation, it can be interpreted that the filler material has a high influence on the 

aerogels' crystalline structure and unit cell orientation. 

The interplanar distance was observed not to vary significantly. As represented in the 

table, the d-value varied from 3.24 Å to 4.61 Å. 

5.3.2. Functional group analysis: The functional groups present on cellulose, biochar, 

and silica surface are presented in Fig. 5.2 (A), (B), and (C), respectively.  From Fig. 5.2 

(A), it can be observed that in the case of cellulose, peaks at 3324 cm-1, 2931 cm-1, 2858 

cm-1, 1732 cm-1, 1628 cm-1, 1510 cm-1, 1159 cm-1, 1030 cm-1, 897 cm-1, and 791 cm-1 are 

present. Tsalagkas (2015) reported that the peaks at 3324 cm-1 and 2931 cm-1 represent 

the inter and intra H-bonds and CH stretching vibration, respectively. The peak at 1732 

cm-1 is responsible for the C=O group (Garside and Wyeth, 2003). Also, it was found that 

the peaks at 1628 cm-1 and 1510 cm-1 are attributed to the C=O stretching and N-H 

bending, respectively (Zhang et al., 2012). The peaks at 1159 cm-1 and 1030 cm-1 

represent the C=C group and Si-O-Si group, respectively (Yang et al., 2007; Daffalla et 

al., 2020). Another study conducted by Vârban et al. (2021) reported that the peaks at 897 

Table. 5.2: Orientation of crystalline plane and interplanar distance 
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cm-1 and 791 cm-1 represent the presence of the C-O-C stretching vibration of β-

glycosidic linkages and out-of-plane bending vibrations of C-H bonds, respectively. 

As presented in Fig. 5.2 (B), the ATR-FTIR analysis of biochar shows the presence of 

transmittance peaks at 3738 cm-1, 1990 cm-1, 1599 cm-1, 1088 cm-1, and 788 cm-1, 

respectively. Krivoshein et al. (2022) reported that the peak at 3738 cm-1 is attributed to 

the Si-O-H bond in the biochar, which is a common functional group present in 

agricultural waste. Another peak at 1990 cm-1 represents the Si-O-Si bond (Liu et al., 

2015). Another study reported that the peak at 1599 cm-1 represents the COO- group (Ray 

et al., 2020). Also, it was found that the peak at 1088 cm-1 is attributed to the C-O 

stretching in polysaccharides. Also, the peak at 788 cm-1 is associated with the aromatic 

C-H out-of-plane bending (Krivoshein et al., 2022). 

The ATR-FTIR analysis of silica is presented in Fig. 5.2 (C). From the figure, five peaks, 

viz., 3392 cm-1, 1638 cm-1, 1044 cm-1, 784 cm-1, and 606 cm-1, were observed 

respectively. Chuan-Chao et al. (2014) reported that the peak at 3391 cm-1 is attributed to 

-SiOH stretching vibrations. The other peaks at 1638 cm-1, 1044 cm-1 and 784 cm-1 

represent the H-O-H bending vibration and Si-O-Si bridge, respectively (Chuan-Chao et 

al., 2014). Another peak, 606 cm-1 attributed to the Si-O-Si vibration or lattice modes in 

silica. 

Fig. 5.2 (D) presents the ATR-FTIR analysis of prepared aerogels. From the figure, four 

major peaks were seen at 3373 cm-1, 2914 cm-1, 1645 cm-1, and 1091 cm-1, respectively. 

The presence of an aldehyde group in the aerogel was observed at 3373 cm-1 due to the 

usage of glutaraldehyde in the production process. Peaks at 2914 cm-1 and 1645 cm-1 are 

attributed to the C-H of alkyl groups and C=O groups, respectively (Mansur et al., 2004). 

The presence of C-O stretching of acetyl groups is represented by 1091 cm-1 (Nafee et 

al., 2017). As the PVA, biochar, and cellulose contain almost the same functional group 

compositions on their surface, no significant difference in the ATR-FTIR analysis was 

observed. However, in the case of PVA-Si aerogel, a distinct peak at 606 cm-1 was 

observed representing Si-O-Si vibration (Chuan-Chao et al., 2014). 



87 
 

5.3.3. Scanning electron microscopy: To understand the surface morphology of the 

fillers and prepared aerogels, SEM analysis was performed. Fig. 5.3 presents the SEM 

images of different components. From Fig. 5.3 (A), the SEM image of cellulose was 

observed. In the image, the uneven surface of extracted cellulose is visible, which 

contributes to its high surface area. Krishnamachari et al. (2011) reported similar results, 

and Das et al. (2010) concluded the particle shapes were not isomeric. In case of biochar, 

as shown in Fig. 5.3 (B), the individual particles are clearly visible. The particles are 

different in size, with uneven surfaces and varied shapes. Gondim et al. (2018) reported 

a similar result for SEM images of biochar and concluded that these substrates contain a 

high volume of pores, which makes them favourable for adsorption. In Fig. 5.3 (C), the 

SEM image of silica is presented. The amorphous nature of the silica surface can be 

observed from the image. This amorphous nature contributes to the mesoporous 

characteristics of the extracted silica and ensures its ability to adsorb pollutants. 

The SEM images of prepared aerogels are presented in Fig. 5.3 (D)- 5.3 (I). In Fig. 5.3 

(D), the surface of PVA aerogel is presented. Compared to that, the rest of the aerogel 

surfaces are showing uneven structures with the presence of pores. In the case of every 

aerogel, the surface morphology changed significantly after adding fillers to the PVA 

network. The presence of these cavities on the surface contributes to the high adsorption 

efficiency of the aerogels. In a previous study from the SEM image analysis, it was 

Figure 5.2: ATR-FTIR analysis of (A) cellulose, (B) biochar, (C) silica, (D) aerogels 
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reported that the aerogels prepared by freeze-drying depend on the H-bond for their 

structures (Chen et al., 2011). 

5.3.4. Elemental analysis: The surface elemental composition of the aerogels was 

studied by EDAX analysis. The EDAX analysis reported a uniform distribution of the 

fillers inside the aerogel network. A previous study reported a similar distribution of 

nanoparticles inside aerogels (Bigall et al., 2009). Table 5.3 represents % of different 

materials present in the synthesised aerogels. From the study, it was found that PVA 

aerogel contains 100% carbon, and PVA-Si aerogel contains the least carbon, with the 

value of 51.13%. Also, the presence of silica was detected in the PVA-Si aerogel network 

at 8.78%. The rest of the aerogels contain carbon and oxygen with different %. The results 

of EDAX analysis are presented in Fig. 5.4 (A)- 5.4 (F). 

 

Aerogels Carbon atomic % Oxygen atomic % Silica atomic % 

PVA 100 - - 

Figure 5.3: Scanning electron microscopy (SEM) analysis of (A) cellulose, (B) biochar, (C) silica, (D) PVA 
aerogels, (E) PVA-SDC aerogel, (F) PVA-RHC aerogel, (G) PVA—PVA-RHBC aerogel, (H)PVA-Si aerogel, (I) 

PVA-SDBC aerogel. 

Table 5.3: EDAX analysis of synthesized aerogels 
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PVA-SDC 62.04 37.96 - 

PVA-RHC 64.77 35.23 - 

PVA-SDBC 57.68 42.32 - 

PVA-RHBC 57.58 42.42 - 

PVA-Si 51.13 40.10 8.78 

 

 

5.3.5. Microscopic analysis: The microscopic structure of prepared aerogels was studied 

by a light microscope (Dewinter, Fluorex-LED). The surface observed under the 

microscope is presented in Fig. 5.5 (A)- 5.5 (F). The figures show that the aerogels consist 

of an uneven surface that plays a significant role in the adsorption efficiency of the 

prepared aerogels. From the result of this analysis, it was also observed that the fillers 

distributed themselves inside the aerogel network and affected the distribution, number, 

and size of the pores present on the surface. 

Figure 5.4: EDAX analysis of (A) PVA aerogel, (B) PVA-SDC aerogel, (C)PVA-RHC aerogel, (D) PVA-SDBC 
aerogels, (E) PVA-RHBC aerogel, (F) PVA-Si aerogel. 
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5.3.6. Thermal profiling: Fig. 5.6 (A) shows the thermogravimetric analysis (TGA) of 

the prepared aerogels. From this figure, a difference in the change in percentage of weight 

for temperature was observed. For PVA aerogel, the weight% % decreased to 87.97% at 

the temperature 176 oC, and then it rapidly degraded to 0%. For the rest of the aerogels, 

the first stage of sample degradation was found in the range of 40oC to 269.24 oC. The 

weight loss in this stage signifies the degradation of PVA. The second stage of aerogel 

was continued till 481.86 oC. This stage is attributed to the degradation of the crosslinking 

of the PVA network. From 481.86 oC to 800oC, carbonation of the samples was observed 

(Yang, 2007). From the result of TGA analysis, it can be stated that, despite the presence 

of different fillers, the aerogels showed a similar type of TGA curve, indicating that the 

degradation behaviour of the aerogels depends more on the properties of PVA than the 

fillers. On the other hand, it was also observed that the degradation behaviour of the 

aerogels changed after adding the fillers. From this observation, it can be stated that the 

fillers have a significant role in the thermal stability of the aerogels. 

Fig. 5.6 (B) shows the differential thermal analysis (DTA) of the prepared aerogels. In 

the figure, in the first step of the reaction, upward peaks are visible for PVA-Si, PVA-

SDC, and PVA-RHC aerogels at 144.48 °C, 506.63 oC, and 493.12 oC, respectively. These 

peaks signify an exothermic event during the sample degradation. In this stage, for PVA, 

PVA-SDBC, and PVA-RHBC aerogels, a downward peak was observed at 181.56 oC, 

Figure 5.5: Microscopic images of (A) PVA aerogel, (B) PVA-SDBC aerogel, (C) PVA-RHBC aerogel, (D) PVA-
RHC aerogels, (E) PVA-SDC aerogel, (F) PVA-Si aerogel. 
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106.75 oC, and 106.71 oC, respectively. These peaks represent an endothermic event 

during this analysis. In the second step of the reaction, PVA-Si, PVA-SDC, and PVA-

RHC showed an endothermic event till the end of the experiment and for PVA-SDBC and 

PVA-RHBC, an exothermic shift was observed. In the case of PVA aerogel, a sudden 

exothermic reaction was observed till 255.73 oC, and after that, no significant change was 

observed. This observation explains the sudden degradation of PVA aerogel as shown in 

Fig. 5.6 (A). 

Fig. 5.6 (C) shows the differential scanning calorimetry (DSC) analysis of the prepared 

aerogels. In that figure, a distinct endothermic peak for PVA aerogel was observed at 176 
oC supports the TGA data and rapid degradation of the PVA aerogel. The gradual increase 

of heat flow for all the samples suggests the continuous decomposition of the samples 

with increasing temperature. At a higher temperature, a divergence in the thermal curves 

was observed for different samples, explaining their different thermal stability and 

behaviour. It was also observed that the PVA-Si aerogel is showing a distinct 

characteristic compared to other aerogels with a lower heat flow and smooth profile due 

to the exceptional thermal properties of silica. The observations of DSC analysis support 

the conclusions made from the TGA analysis of the aerogels as presented in Fig. 5.6 (A). 

 

5.3.7. Physical properties of aerogel: From analysing different physical properties of 

the prepared aerogels, it was observed that fillers have a significant effect on the physical 

properties of the substances. The detailed analysis result is described below. 

5.3.7.1. Density analysis: Fig. 5.7 (A) shows the density of different aerogels. From the 

figure, it was observed that the PVA-Si aerogel has the lowest density among all the 

prepared aerogels, with the value of 0.1091 g/cm3. Another independent study reported 

that the density of PVA-Si aerogel with 5% volume of fibres was 0.11 g/cm3 that also 

Figure 5.6: (A) TGA, (B) DTA, (C) DSC analysis of aerogels. 
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supports the finding of this study (Linhares et al., 2019). It was also reported that the 

density of silica aerogel was 0.140 g/cm3, and the density of PVA-RHBC was observed 

to be 0.2629 g/cm3 (Kim et al., 2008). This result can be explained by considering the 

particle size of the fillers. The small particle is responsible for the blockage of pores and 

for increasing the density of aerogels. According to another study, the density of aerogel 

was found to be between 0.0081 g/cm3 and 0.02 g/cm3, which also supports the finding 

of this study, as the aerogels prepared in this experiment show a density less than or equal 

to 0.02 g/cm3 (Ferrero, 2007). 

5.3.7.2. Porosity analysis: The mechanical, thermal, and optical properties of a substance 

are highly dependent on the porosity. Fig. 5.7 (B) shows the porosity of different aerogels 

prepared in this study. From the figure, it can be stated that the PVA-RHBC aerogel has 

the least porosity, with a value of 83.56%. On the other hand, the highest porosity was 

found in the case of PVA-Si aerogel with the value of 97.05%. Another study reported 

that the porosity of aerogel after freeze-drying was between 80%-97% (Hossen et al., 

2020). This result also supports the findings of this study. 

5.3.7.3. Moisture content analysis: The result of moisture content analysis is shown in 

Fig. 5.7 (C). From the figure, it was shown that PVA-Si aerogel had the lowest moisture 

content among all the aerogels, with the value of 8.12%. This behaviour of the prepared 

aerogel can be explained by the hydrophobic nature of silica. A similar result was reported 

in a previous study conducted with TEOS and TMOS aerogel (Ingale et al., 2011). The 

highest moisture content was observed in the case of PVA aerogel, with the value of 16%. 

5.3.7.4. Swelling test: The swelling test was conducted to understand the water uptake 

capacity of the prepared aerogels to understand their water uptake capacity. From the 

experiment, it was observed that all the aerogels absorb water, and the highest water 

uptake was observed in the case of PVA-SDBC aerogel. The least water uptake was 

observed in the case of PVA-SDC aerogel. The result of the swelling test is presented in 

Fig. 5.7 (D). A similar result was observed in a previous study conducted by PVA-

chitosan aerogel (Xu et al., 2021). This result can be explained by the presence of -OH 

groups on the PVA surface (Javadi et al., 2013). The PVA-SDBC aerogel showed the 

highest absorption among all the samples due to its highly porous structure as observed 

in the microscopic analysis. The swelling of PVA-Si aerogel could be explained by the 
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hydrophobic property of silica (He et al., 2019; Yokogawa and Yokoyama, 1995; Malfait 

et al., 2015). 

5.3.7.5. Effect of temperature: Fig. 5.7 (E) shows the effect of temperature on the 

aerogels. As stated in the figure, changes in four major peaks are visible at 3277 cm-1, 

1649 cm-1, 1416 cm-1, and 1084 cm-1, respectively, after heating the aerogel at 60oC. As 

reported in a previous study, the peak at 3277 cm-1 represents the aldehyde group present 

in the aerogel network (Mansur et al., 2004). Other peaks at 1649 cm-1 and 1084 cm-1 

show that the C=O group and C-O stretching, respectively, are also affected by 

temperature (Nafee et al., 2017). All the mentioned functional groups play an important 

role in the crosslinking of PVA aerogel. So, temperature is an important parameter for 

affecting the crosslinking of the aerogel network. 

5.3.7.6. Effect of salinity: A difference in weight% was observed after the aerogels were 

treated with 10% NaCl (w/v) solution. As presented in Fig. 5.7 (F), PVA-Si aerogel was 

observed to be affected the most and lost 27% of its initial weight after 1 hr of salinity 

treatment. For the rest of the aerogels, an increase in the weight% % was found. After 

salinity treatment of the aerogels, they were analysed by ATR-FTIR analysis and changes 

in peaks at 2914 cm-1, 2846 cm-1, 914 cm-1, and 827 cm-1 were detected, respectively, as 

presented in Fig. 5.7 (G). It was reported that the peak at 2914 cm-1 represents the C-H 

bond of alkyl groups (Mansur et al., 2004). Another peak at 2846 cm-1 appeared due to 

the presence of C-H stretching (Xu et al., 2021). A depletion of the peak after salt 

treatment represents the C-H bond breaking due to the reaction with NaCl. The peak at 

2846 cm-1 represents the -CONH stretching vibration (Costa-Junior et al., 2009). Another 

peak at 1646 cm-1 represents the N-H bending stretching. Also, two peaks at 914 cm-1 and 

827 cm-1, respectively, became more prominent after salt treatment, confirming the 

reaction between the PVA network and NaCl. 

5.3.7.7. Effect of pH: Fig. 5.7 (H) shows the effect of different pH on the prepared 

aerogels after treating them for 2 hr. Five different pH values, viz., 2, 4, 6, 8, and 10, were 

considered for this experiment. From the figure, it was observed that no significant weight 

difference was found under the influence of pH, except for the PVA aerogel. It was also 

found that the degradation of aerogels increased in an alkaline environment. In the 

preparation process of aerogel, HCl was used as the catalyst, which indicates the 

crosslinking reaction is favourable at lower pH. This explains the degradation of the PVA 
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network at higher pH. The least degradation was found in the case of PVA-Si aerogel, 

and the highest value of the degradation of PVA-Si aerogel was found to be 3.4% at pH 

10. On the other hand, for PVA aerogel, the degradation was found to be 11%. This 

observation signifies that the presence of fillers significantly increases the stability of the 

PVA network. 

5.3.7.8. Oil absorption study: Fig. 5.7 (I) shows the oil absorption property of aerogels. 

From the figure, it can be stated that all the prepared aerogels tend to absorb oil from the 

media. PVA-Si was found to be the most efficient among all aerogels to absorb the oil in 

6 min. This result can be explained by the hydrophobic property of silica. PVA aerogel 

took the longest time, 20 min. to absorb the same volume of oil, which indicates that the 

addition of fillers to the PVA network significantly increases the oil absorption capacity 

of the aerogels. 

 

5.3.8. Removal of pollutants by fillers: In this study, three contaminants of interest, 

naphthalene, phenol, and acenaphthene, were considered, and their removal was 

investigated using the fillers cellulose, silica, and biochar. 

Figure 5.7: Physical characteristics of aerogels (A) density, (B) porosity, (C) moisture content, (D) swelling 
property, (E) effect of temperature, (F) effect of salinity, (G) effect of salinity on surface functional groups, (H) 

effect of pH, (I) oil absorption property. 
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5.3.8.1. Removal of naphthalene: In the case of naphthalene, the highest removal% 

found was 84.03% in the case of rice husk cellulose after 3 hr. of treatment. The least 

removal was observed with sawdust biochar, with the value of 64.55%. The result is 

presented in Fig. 5.8 (A). A similar result was reported by Pathak et al. (2023), where 

naphthalene was removed by biochar produced from sugarcane bagasse. Another study 

reported that by using pinewood sawdust biochar, 90% of naphthalene removal was 

achieved (Rashad et al., 2022). This phenomenon can be explained by considering the 

contact time and morphology of the adsorbent. All the adsorbents, viz., cellulose, silica, 

and biochar, had a highly porous structure that can adhere the pollutant molecules to their 

surface. On the other hand, a long duration of treatment time increased the interaction 

probability of pollutant molecules with the adsorbent surface increased the removal of 

the contaminants. 

5.3.8.2. Removal of phenol: The results of phenol removal by different fillers are 

presented in Fig. 5.8 (B). Same as naphthalene, for phenol, rice husk cellulose showed 

the highest removal of 67.70% and the least removal was found by sawdust biochar with 

the value of 56.37%. Khoj (2024) reported that by using silica-calcium alginate 

nanocomposite, phenol removal was achieved with 100.55 mg. g-1 adsorption capacity. 

This phenomenon can be explained by considering the contact time and morphology of 

the adsorbent. All the adsorbents, viz., cellulose, silica, and biochar, had a highly porous 

structure that can adhere the pollutant molecules to their surface. On the other hand, a 

long duration of treatment time increased the interaction probability of pollutant 

molecules with the adsorbent surface increased the removal of the contaminants. 

5.3.8.3. Removal of acenaphthene: The result of acenaphthene removal is presented in 

Fig. 5.8 (C). From the figure, it can be stated that silica showed the highest acenaphthene 

removal, with the value of 77.96%. On the other hand, sawdust biochar showed the least 

acenaphthene removal, and the value was 62.13%. This phenomenon can be explained 

by considering the contact time and morphology of the adsorbent. All the adsorbents, viz., 

cellulose, silica, and biochar, had a highly porous structure that can adhere the pollutant 

molecules to their surface. On the other hand, a long duration of treatment time increased 

the interaction probability of pollutant molecules with the adsorbent surface increased the 

removal of the contaminants. 
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5.3.9. Removal of naphthalene by aerogel: In this study, a total of six aerogels were 

prepared, and the removal of naphthalene by these aerogels was studied. To understand 

the detailed nature of the adsorption process, different parameters, viz., time, dose of 

aerogel, concentration of pollutant, pH, and temperature, were varied. The detailed result 

is explained below. 

5.3.9.1. Effect of contact time: The effect of contact time on the adsorption of 

naphthalene is shown in Fig. 5.9 (A). As represented in the figure, the removal of 

naphthalene increased with time, and the highest removal achieved in this study was 

87.97% by PVA-SDBC aerogel after 3 hr. of treatment while the other parameters were 

constant (pH 7, dose 1g/L, concentration 5mg/L, and temperature at 303 K). For 

comparison, under the same conditions, for PVA-Si, PVA-SDC, and PVA-RHBC. PVA-

RHC and PVA aerogel showed 82.20%, 80.03%, 79.35%, 79.12%, and 64.23%, 

respectively. After 180 min. of treatment, no significant change was observed in the 

concentration of naphthalene, indicating that the adsorption equilibrium was achieved. A 

previous study showed that for PVA-Si aerogel, the naphthalene removal reached up to 

70.5% (Ghosh et al., 2024). This observation can be explained by considering the 

available surface area on the adsorbent surface and the interaction time of the adsorbent 

with adsorbate molecules. Before achieving the adsorption equilibrium, a large surface 

area and many pores on the adsorbent surface were available that contributed to the 

Figure 5.8: Adsorption of (A) naphthalene, (B) phenol, and (C) acenaphthene by fillers. 
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significant removal of the contaminant. But after 3 hr., the active sites on the aerogel 

surface eventually got saturated, which ceased the rapid increase of the removal% (Gao 

et al., 2019). From this observation, it can also be stated that fillers have a significant 

effect on the removal efficiency of aerogels, which causes the difference in removal using 

different aerogels. 

5.3.9.2. Effect of adsorbent dose: The dosage of adsorbent is a crucial parameter and 

affects the adsorption process significantly by the quantitative ratio of adsorbate and 

adsorbent (Şentürk and Alzein, 2020). According to Kroeker’s rule, for a constant initial 

concentration, the specific adsorbed volume decreases with increasing adsorbent mass 

(Pernyeszi et al., 2019). Thus, the adsorbent dose is positively correlated with the removal 

of the contaminant. This study considered three different dosages of aerogels, viz., 0.5 

g/L, 1 g/L, and 1.5 g/L, respectively. The effect of adsorbent dose on the removal of 

naphthalene is shown in Fig. 5.9 (B). As represented in the figure, with the increasing 

dose of aerogel, the removal also increased. It was observed that for PVA, PVA-SDC, 

PCA-RHC, PVA-SDBC, PVA-RHBC, and PVA-Si, the removal increased from 47.55% 

to 76%, 48.62% to 81.13%, 46.72% to 82.76%, 48.40% to 86.48%, 54.60% to 87.12%, 

and 48.40% to 87.55%, respectively. With the increasing adsorbent dosage, at a constant 

concentration of pollutant, more active surface area is available to interact with the 

pollutant molecules and increase the adsorption of the pollutant (Ma et al., 2020). From 

the result, it was also observed that, from 0.5 g/L to 1 g/L aerogel dosage, the adsorption 

increased rapidly, whereas from 1 g/L dosage to 1.5 g/L, the increase in the removal% 

was not significant. This observation can be explained as after a specific adsorbent 

dosage, maximum adsorption is reached, and the availability of additional active sites 

does not affect the saturation point (Rápó et al., 2020; Rápó et al., 2019; Hamza et al., 

2018). 

5.3.9.3. Effect of naphthalene concentration: Initial pollutant concentration is one of 

the key parameters to affect the adsorption process. The pollutant concentration has a 

significant role in the interaction rate between contaminant molecules and adsorption 

sites. The initial concentration of the solute acts as a driving force of the adsorption 

process, favouring diffusion and mass transfer from the solution. In such water treatment 

systems, the efficiency of the pollutant removal and the maximum concentration of 

pollutant adsorbed on the adsorbent’s surface are directly related to initial dye 

concentration (Terangpi and Chakraborty, 2017).  In this study, four naphthalene 
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concentrations, viz., 1 mg/L, 5 mg/L, 7 mg/L, and 10 mg/L, respectively, were 

considered. As shown in Fig. 5.9 (C), the maximum removal of naphthalene was observed 

in the case of PVA-Si aerogel, at 1 mg/L concentration. The removal was 97.64%. Being 

an efficient adsorbent, PVA-Si shows higher removal of naphthalene compared to other 

aerogels. It was also observed that with the increasing initial concentration, the removal 

decreased. In the case of PVA-Si aerogel, the removal% dropped to 70.35% at 10 mg/L 

initial concentration and showed the highest removal among all the aerogels at the 

specific initial concentration. This observation can be explained by the saturation of 

adsorption sites on the adsorbent surface. At low pollutant concentration, the active site 

and contaminant molecule’s ratio is larger, allowing the molecules to rapidly interact with 

the active site and to be removed from the solution. As the concentration increased, the 

trend slowed down due to the increased competition (de Farias Silva and da Gama, 2020). 

5.3.9.4. Effect of temperature: Temperature is an important physicochemical parameter 

to influences the adsorption process as it can shift the nature of the process from 

endothermic to exothermic and vice versa (Yeow et al., 2020). Moreover, it can also affect 

the process by increasing and decreasing the removal (Badwy et al., 2020). The 

temperature can also affect the adsorption process depending on the nature of adsorption, 

adsorbent and pollutant. Szende et al. (2020) reported that if the adsorption process is 

physical adsorption (ΔHphysisorption= -20 kJ/mol), the higher temperature will negatively 

affect the adsorption process. On the other hand, if the process is chemical adsorption 

(ΔHchemisorption= -200 kJ/mol), the increasing temperature will also increase the sorption 

rate. Fig. 5.9 (D) represents the effect of temperature on the adsorption of naphthalene by 

prepared aerogels. For this study, a total of four temperatures, viz., 298 K, 303 K, 308 K, 

and 313 K, were considered. From the result of the batch study, it was observed that with 

the increase in temperature, the removal of naphthalene also increased. The highest 

removal of naphthalene was found in the case of PVA-Si aerogel, at 313 K temperature, 

with the value of 96.32% removal. For the same aerogel, the removal at 298 K was 

79.42%. This phenomenon can be explained by the increase in kinetic energy of the 

samples. As the kinetic energy increased, the diffusivity of the molecules in the water 

also increased, causing their increased movement towards the aerogel pores. 

5.3.9.5. Effect of pH: pH is an important parameter of the adsorption process, influencing 

the capacity of the adsorbent and affecting the efficiency of this process. pH affects the 

process in various ways, viz., the chemistry of pollutants, the coexisting ions of the 
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solution, the functional groups and surface charge of the adsorbent surface (Khasri et al., 

2021). pH also affects the adsorption mechanism and degree of ionisation of the adsorbed 

ions. The effect of pH on the adsorption of naphthalene by the prepared aerogels is shown 

in Fig. 5.9 (E). For this study, six different pH values, viz., 2,4,6,7,8, and 10, were 

considered respectively. From the figure, it can be stated that with the increasing pH, the 

adsorption of naphthalene decreased. The highest removal of naphthalene was found to 

be 94.84% in the case of PVA-Si aerogel at pH 2 and pH 10, the value decreased to 

64.87%. This observation can be explained by the surface charge of the adsorbent. During 

the preparation of the aerogels, HCl was used as a catalyst; the surface of the aerogels is 

highly protonated. This protonated nature is important to maintain the crosslinking and 

the pore structures of the aerogels. Exposing them to an alkaline environment can weaken 

the chemical bonds and disrupt the pores. A similar result was found when the aerogels 

were treated with DI water at different pH, as described in section 5.3.7.7. The disruption 

of the pores and crosslinking networks causes a decline in the removal of pollutants at a 

higher pH level. 
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5.3.9.6. Adsorption isotherm analysis: In this study, the Langmuir and the Freundlich 

isotherm models were analysed by plotting 
ଵ

௤೐
 vs 

ଵ

஼೐
 and ln Ce vs ln qe curves, respectively. 

From Table 5.4, it was observed that PVA-SDBC and PVA-SDC aerogels follow the 

Langmuir model, and the rest of the aerogels follow the Freundlich isotherm model, 

respectively. Hence, it was suspected that PVA-SDBC and PVA-SDC aerogels prefer a 

single-layer adsorption on the other side; the rest of the aerogels exhibited multilayered 

adsorption characteristics with heterogeneous pore distribution (Das et al., 2021). 

 

Adsorbent 
Langmuir isotherm Freundlich isotherm 

qm  KL R2 n KF R2 

PVA 8.9 0.38 0.88 1.51 2.23 0.99 

PVA-

RHBC 
7.00 2.29 0.94 2.61 4.10 0.99 

PVA-

SDBC 
7.30 2.08 0.99 1.83 4.19 0.89 

PVA-

RHC 
7.98 1.14 0.96 1.89 3.60 0.99 

PVA-SDC 7.33 1.23 0.99 1.85 3.35 0.98 

PVA-Si 7.69 2.13 0.94 2.45 4.45 0.99 

 

5.3.9.7. Adsorption kinetics analysis: The pseudo-1st order and pseudo-2nd order kinetic 

model was analysed by plotting log (qe-qt) vs time (t) and 
௧

௤೟
 vs time (t) respectively. The 

Figure 5.9: Adsorption of naphthalene by prepared aerogels under the influence of (A) contact time, (B) 
aerogel dose, (C) pollutant concentration, (D) reaction temperature, and (E) pH of media. 

Table 5.4: Isotherm modelling of naphthalene removal by aerogels 
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equilibrium adsorption capacity (qe) and kinetic constant (K) were calculated from the 

slope and intercept. As shown in Table 5.5, all the aerogels follow the pseudo 2nd order 

kinetic model for naphthalene removal with a significantly higher R2 value. 

 

Adsorbent 

Pseudo 1st order Pseudo 2nd order 

qe 

(mg/g) 

qt 

(mg/g) 

K1 

(min-1) 
R2 

qe 

(mg/g) 

qt 

(mg/g) 

K1 

(min-1) 

R2 

PVA 3.62 3.21 0.03 0.94 3.84 3.21 0.008 0.98 

PVA-

RHBC 
3.66 1.11 0.02 0.74 4.15 4.11 0.01 0.95 

PVA-

SDBC 
8.73 4.39 0.03 0.77 5.42 4.39 0.003 0.96 

PVA-

RHC 
3.15 3.85 0.02 0.77 3.96 3.85 0.01 0.98 

PVA-SDC 3.21 3.98 0.03 0.95 4.27 3.98 0.01 0.99 

PVA-Si 3.13 4.11 0.03 0.96 4.39 4.11 0.01 0.99 

 

5.3.9.8. Adsorption thermodynamics analysis: For the thermodynamic study of the 

aerogels, thermodynamic parameters, viz., Gibbs free energy (ΔG), enthalpy (ΔH), and 

entropy (ΔS), were calculated respectively in four different temperature conditions. As 

represented in Table 5.6, the adsorption process with all the aerogels in every temperature 

condition is endothermic, as the ΔH value in every scenario is positive. It was also 

observed that the absolute value of ΔG increased with increasing temperature, signifying 

that the removal process is more efficient at higher temperatures. This observation also 

supports the result of temperature temperature-dependent batch study. From the positive 

value of ΔS, it can be stated that the adsorption process is spontaneous (Das et al., 2021). 

Also, it was observed that the absolute value of ΔG is higher for every aerogel, compared 

to the normal PVA aerogel, showing the significant effect of filler materials on the 

adsorption process. 

 

Adsorbent Parameter Temperature (K) 

Table 5.5: Kinetic modelling of naphthalene removal by aerogels 

Table 5.6: Thermodynamic modelling of naphthalene removal by aerogels 
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298 303 308 313 

PVA 

ΔH 60135.99 

ΔS 203.68 

ΔG -562.043 -1580.47 -2598.89 -3617.31 

PVA-SDBC 

ΔH 101464.05 

ΔS 349.45 

ΔG -2673.25 -4420.52 -6167.79 -7915.06 

PVA-RHBC 

ΔH 109129.56 

ΔS 374.77 

ΔG -2554.43 -4428.32 -6302.21 -8176.1 

PVA-SDC 

ΔH 145378.60 

ΔS 492.15 

ΔG -1283.75 -3744.53 -6205.3 -8666.08 

PVA-RHC 

ΔH 53378.37 

ΔS 187.58 

ΔG -2523.08 -3461.03 -4398.97 -5336.91 

PVA-Si 

ΔH 70225.86 

ΔS 245.42 

ΔG -2912.06 -4139.21 -5366.35 -6593.5 

 

5.3.9.9. Optimization of naphthalene removal: To optimize the naphthalene adsorption 

process, a Response Surface Methodology (RSM) study was performed (Aydar, 2018). A 

quadratic equation, presented as equation (5.15), was used to analyse and validate the 

experimental design. From the batch adsorption study, PVA-Si was selected as the most 
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suitable aerogel for the process, and the RSM study was conducted with that adsorbent 

only. 

R =  75.63 + 35.98 ∗ A + 1.73 ∗ B − 10.75 ∗ C + 0.5225 ∗ AB + 1.52 ∗ AC − 3.64 ∗

BC − 26.99 ∗ 𝐴ଶ − 0.7813 ∗ 𝐵ଶ + 2.77 ∗ 𝐶ଶ…………………… (5.15) 

Here, A, B, C, and R are reaction time (min), adsorbent dose (g/L), pollutant 

concentration (mg/L), and removal%, respectively.  

5.3.9.9.1. Validation of the model: From the ANOVA analysis, it was observed that this 

model is significant with a P-value of 0.0001 (<0.05) and an F-value of 149.57 (>12). 

The correlation coefficient (R2) value of the mentioned model was 0.99. The R2 value 

also indicates that the predicted and observed data of this experiment are in reasonable 

agreement, indicating the significance of the model. Fig. 5.10 (A) shows the distribution 

of predicted and experimental values satisfying the validity of this model. 

5.3.9.9.2. Response of time and adsorbent dosage: The response of time and adsorbent 

dosage is presented in Fig. 5.10 (B). The graph shows that the optimum removal% was 

observed at 1.5g/ /L adsorbent dosage after 180 min. of adsorption. The maximum 

pollutant removal under these conditions was found to be 96.45%.  

5.3.9.9.3. Response of adsorbent dosage and pollutant concentration: In Fig. 5.10 (C), 

the response of adsorbent dosage and pollutant concentration is presented. From the 

figure, it can be stated that at the adsorbent dose of 1.5g/L and 1mg/L pollutant 

concentration, the optimum removal was achieved. The optimum removal in these 

conditions was 95.28%.  

5.3.9.9.4. Response of pollutant concentration and time: The crosstalk between 

pollutant concentration and treatment time is represented in Fig. 5.10 (D). From the 

figure, it was observed that at a treatment time of 180 min. and 1 mg/L pollutant 

concentration, the highest removal was achieved. The optimum removal in this 

experiment was 98.2%. 
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5.3.10. Removal of phenol by aerogel: In this study, a total of six aerogels were 

prepared, and the removal of phenol by these aerogels was studied. To understand the 

detailed nature of the adsorption process, different parameters, viz., time, dose of aerogel, 

concentration of pollutant, pH, and temperature, were varied. The detailed result is 

explained below. 

5.3.10.1. Effect of contact time: The effect of contact time on the adsorption of phenol 

is shown in Fig. 5.11 (A). As represented in the figure, the removal of phenol increased 

with time, and the highest removal achieved in this study was 96.67% by PVA-Si aerogel 

after 3 hr. of treatment while the other parameters were constant (pH 7, dose 1g/L, 

concentration 5mg/L, and temperature at 303 K). For comparison, under the same 

conditions, PVA-SDBC, PVA-SDC, PVA-RHBC, PVA-RHC, and PVA aerogel showed 

93.71%, 88.70%, 90.24%, 87.15%, and 79.44%, respectively. After 180 min. of 

treatment, no significant change was observed in the concentration of naphthalene, 

Figure 5.10: Optimization of naphthalene removal by PVA-Si aerogel using Response Surface Methodology, 
representing (A) comparison of actual and predicted results, (B) response of time and aerogel dose, (C) 
response of aerogel dose and pollutant concentration, (D) response of time and pollutant concentration. 
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indicating that the adsorption equilibrium was achieved. A previous study showed that 

for PVA-Si aerogel, the phenol removal reached up to 67.12% (Ghosh et al., 2024). This 

observation can be explained by considering the available surface area on the adsorbent 

surface and the interaction time of the adsorbent with adsorbate molecules. Before 

achieving the adsorption equilibrium, a large surface area and many pores on the 

adsorbent surface were available that contributed to the significant removal of the 

contaminant. But after 3 hr., the active sites on the aerogel surface eventually got 

saturated, which ceased the rapid increase of the removal% (Gao et al., 2019). From this 

observation, it can also be stated that fillers have a significant effect on the removal 

efficiency of aerogels, which causes the difference in removal% using different aerogels. 

5.3.10.2. Effect of adsorbent dose: The dosage of adsorbent is a crucial parameter and 

affects the adsorption process significantly by the quantitative ratio of adsorbate and 

adsorbent (Şentürk and Alzein, 2020). According to Kroeker’s rule, for a constant initial 

concentration, the specific adsorbed volume decreases with increasing adsorbent mass 

(Pernyeszi et al., 2019). Thus, the adsorbent dose is positively correlated with the removal 

of the contaminant. This study considered three different dosages of aerogels, viz., 0.5 

g/L, 1 g/L, and 1.5 g/L, respectively. The effect of adsorbent dose on the removal of 

phenol is shown in Fig. 5.11 (B). As represented in the figure, with the increasing dose 

of aerogel, the removal also increased. It was observed that for PVA, PVA-SDC, PCA-

RHC, PVA-SDBC, PVA-RHBC, and PVA-Si, the removal increased from 69.42% to 

86.51%, 70.06% to 89.60%, 76.72% to 92.76%, 69.93% to 92.81%, 73.66% to 93.20%, 

and 69.93% to 94.45%, respectively. With the increasing adsorbent dosage, at a constant 

concentration of pollutant, more active surface area is available to interact with the 

pollutant molecules and increase the adsorption of the pollutant (Ma et al., 2020). From 

the result, it was also observed that, from 0.5 g/L to 1 g/L aerogel dosage, the adsorption 

increased rapidly, whereas from 1 g/L dosage to 1.5 g/L, the increase in the removal% 

was not significant. This observation can be explained as after a specific adsorbent 

dosage, maximum adsorption is reached, and the availability of additional active sites 

does not affect the saturation point (Rápó et al., 2020; Rápó et al., 2019; Hamza et al., 

2018). 

5.3.10.3. Effect of phenol concentration: Initial pollutant concentration is one of the 

key parameters to affect the adsorption process. The pollutant concentration has a 

significant role in the interaction rate between contaminant molecules and adsorption 
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sites. The initial concentration of the solute acts as a driving force of the adsorption 

process, favouring diffusion and mass transfer from the solution. In such water treatment 

systems, the efficiency of the pollutant removal and the maximum concentration of 

pollutant adsorbed on the adsorbent’s surface are directly related to initial dye 

concentration (Terangpi and Chakraborty, 2017).  In this study, four phenol 

concentrations, viz., 1 mg/L, 5 mg/L, 7 mg/L, and 10 mg/L, respectively, were 

considered. As shown in Fig. 5.11 (C), the maximum removal of phenol was observed in 

the case of PVA-Si aerogel, at 1 mg/L concentration. The removal was 97.49%. Being an 

efficient adsorbent, PVA-Si shows higher removal of phenol compared to other aerogels. 

It was also observed that with the increasing initial concentration, the removal decreased. 

In the case of PVA-Si aerogel, the removal% dropped to 82.65% at 10 mg/L initial 

concentration and showed the highest removal among all the aerogels at the specific 

initial concentration. This observation can be explained by the saturation of adsorption 

sites on the adsorbent surface. At low pollutant concentration, the active site and 

contaminant molecule’s ratio is larger, allowing the molecules to rapidly interact with the 

active site and to be removed from the solution. As the concentration increased, the trend 

slowed down due to the increased competition (de Farias Silva and da Gama, 2020). 

5.3.10.4. Effect of temperature: Temperature is an important physicochemical 

parameter to influences the adsorption process as it can shift the nature of the process 

from endothermic to exothermic and vice versa (Yeow et al., 2020). Moreover, it can also 

affect the process by increasing and decreasing the removal (Badwy et al., 2020). The 

temperature can also affect the adsorption process depending on the nature of adsorption, 

adsorbent and pollutant. Szende et al (2020) reported that if the adsorption process is 

physical adsorption (ΔHphysisorption= -20 kJ/mol), the higher temperature will negatively 

affect the adsorption process. On the other hand, if the process is chemical adsorption 

(ΔHchemisorption= -200 kJ/mol), the increasing temperature will also increase the sorption 

rate. Fig. 5.11 (D) represents the effect of temperature on the adsorption of phenol by 

prepared aerogels. For this study, a total of four temperatures, viz., 298 K, 303 K, 308 K, 

and 313 K were considered respectively. From the result of the batch study, it was 

observed that with the increase in temperature, the removal of phenol also increased. The 

highest removal of phenol was found in the case of PVA-Si aerogel, at 313 K temperature 

with the value of 97.44% removal. For the same aerogel, the removal at 298 K was 

88.57%. This phenomenon can be explained by the increase in kinetic energy of the 
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samples. As the kinetic energy increased, the diffusivity of the molecules in the water 

also increased, causing their increased movement towards the aerogel pores. 

5.3.10.5. Effect of pH: pH is an important parameter of the adsorption process, 

influencing the capacity of the adsorbent and affecting the efficiency of this process. pH 

affects the process in various ways, viz., the chemistry of pollutants, the coexisting ions 

of the solution, the functional groups and surface charge of the adsorbent surface (Khasri 

et al., 2021). pH also affects the adsorption mechanism and degree of ionization of the 

adsorbed ions. The effect of pH on the adsorption of phenol by the prepared aerogels is 

shown in Fig. 5.11 (E). For this study, six different pH values, viz., 2,4,6,7,8, and 10, 

were considered respectively. From the figure, it can be stated that with the increasing 

pH, the adsorption of phenol decreased. The highest removal of phenol was found to be 

94.87% in the case of PVA-Si aerogel at pH 2 and pH 10, the value decreased to 79.83%. 

This observation can be explained by the surface charge of the adsorbent. During the 

preparation of the aerogels, HCl was used as a catalyst; the surface of the aerogels is 

highly protonated. This protonated nature is important to maintain the crosslinking and 

the pore structures of the aerogels. Exposing them to an alkaline environment can weaken 

the chemical bonds and disrupt the pores. A similar result was found when the aerogels 

were treated with DI water at different pH, as described in section 5.3.7.7. The disruption 

of the pores and crosslinking networks causes a decline in the removal of pollutants at a 

higher pH level. 



108 
 

 

5.3.10.6. Adsorption isotherm analysis: In this study, the Langmuir and the Freundlich 

isotherm models were analyzed by plotting 
ଵ

௤೐
 vs 

ଵ

஼೐
 and ln Ce vs ln qe curves, respectively. 

From Table 5.7, it was observed that PVA-SDBC and PVA-SDC aerogels follow the 

Langmuir model, and the rest of the aerogels follow the Freundlich isotherm model, 

respectively. Hence, it was suspected that PVA-SDBC and PVA-SDC aerogels prefer a 

single-layer adsorption on the other side; the rest of the aerogels exhibited multilayered 

adsorption characteristics with heterogeneous pore distribution (Das et al., 2021). 

 

Adsorbent 
Langmuir isotherm Freundlich isotherm 

qm  KL R2 n KF R2 

PVA 8.7 0.37 0.82 1.43 2.21 0.99 

PVA-

RHBC 
7.06 2.25 0.93 2.51 4.18 0.98 

PVA-

SDBC 
7.37 2.06 0.96 1.85 4.17 0.82 

Figure 5.11: Adsorption of phenol by prepared aerogels under the influence of (A) contact time, (B) aerogel 
dose, (C) pollutant concentration, (D) reaction temperature, and (E) pH of media. 

Table 5.7: Isotherm modelling of phenol removal by aerogels 
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PVA-

RHC 
7.92 1.17 0.95 1.87 3.63 0.98 

PVA-SDC 7.35 1.21 0.96 1.84 3.31 0.88 

PVA-Si 7.68 2.16 0.91 2.41 4.47 0.98 

 

5.3.10.7. Adsorption kinetics analysis: The pseudo-1st order and pseudo-2nd order 

kinetic model was analyzed by plotting log (qe-qt) vs time (t) and 
௧

௤೟
 vs time (t) 

respectively. The equilibrium adsorption capacity (qe) and kinetic constant (K) were 

calculated from the slope and intercept. As shown in Table 5.8, all the aerogels follow the 

pseudo-2nd-order kinetic model for phenol removal with a significantly higher R2 value. 

 

Adsorbent 

Pseudo 1st order Pseudo 2nd order 

qe 

(mg/g) 

qt 

(mg/g) 

K1 

(min-1) 
R2 

qe 

(mg/g) 

qt 

(mg/g) 

K1 

(min-1) 

R2 

PVA 3.61 3.24 0.02 0.94 3.81 3.23 0.007 0.98 

PVA-

RHBC 
3.63 1.13 0.03 0.74 4.13 4.14 0.02 0.99 

PVA-

SDBC 
8.72 4.32 0.02 0.77 5.44 4.34 0.004 0.99 

PVA-

RHC 
3.14 3.87 0.02 0.77 3.91 3.87 0.01 0.99 

PVA-SDC 3.20 3.94 0.03 0.92 4.22 3.95 0.06 0.96 

PVA-Si 3.15 4.15 0.02 0.96 4.35 4.13 0.03 0.98 

 

5.3.10.8. Adsorption thermodynamics analysis: For the thermodynamic study of the 

aerogels, thermodynamic parameters, viz., Gibbs free energy (ΔG), enthalpy (ΔH), and 

entropy (ΔS), were calculated respectively in four different temperature conditions. As 

represented in Table 5.9, the adsorption process with all the aerogels in every temperature 

condition is endothermic in nature, as the ΔH value at every scenario is positive. It was 

also observed that the absolute value of ΔG increased with increasing temperature, 

signifying that the removal process is more efficient at higher temperatures. This 

Table 5.8: Kinetic modelling of phenol removal by aerogels 
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observation also supports the result of temperature temperature-dependent batch study. 

From the positive value of ΔS, it can be stated that the adsorption process is spontaneous 

in nature (Das et al., 2021). Also, it was observed that the absolute value of ΔG is higher 

for every aerogel, compared to the normal PVA aerogel, showing the significant effect of 

filler materials on the adsorption process. 

 

Adsorbent 

Parameter Temperature (K) 

 

298 303 308 313 

PVA 

ΔH 61035.99 

ΔS 213.68 

ΔG -572.043 -1682.47 -2698.89 -3627.31 

PVA-SDBC 

ΔH 102464.05 

ΔS 329.45 

ΔG -2773.25 -4410.52 -6157.79 -7905.06 

PVA-RHBC 

ΔH 107329.56 

ΔS 384.77 

ΔG -2554.43 -4428.32 -6302.21 -8176.1 

PVA-SDC 

ΔH 145378.60 

ΔS 492.15 

ΔG -1283.75 -3744.53 -6105.3 -8666.08 

PVA-RHC 

ΔH 53378.37 

ΔS 187.58 

ΔG -2523.08 -3461.03 -4388.97 -5336.91 

PVA-Si 

ΔH 72225.86 

ΔS 245.42 

Table 5.9: Thermodynamic modelling of phenol removal by aerogels 
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ΔG -2912.06 -4139.21 -5366.35 -6593.5 

 

5.3.10.9. Optimization of phenol removal: To optimize the phenol adsorption process, 

a Response Surface Methodology (RSM) study was performed (Aydar, 2018). A quadratic 

equation, presented as equation (5.16), was used to analyze and validate the experimental 

design. From the batch adsorption study, PVA-Si was selected as the most suitable aerogel 

for the process, and the RSM study was conducted with that adsorbent only. 

R =  73.46 + 33.05 ∗ A + 3.24 ∗ B − 6.84 ∗ C − 1.55 ∗ AB − 1.89 ∗ AC − 10.61 ∗

BC − 24.37 ∗ 𝐴ଶ − 3.57 ∗ 𝐵ଶ − 5.67 ∗ 𝐶ଶ…………………… (5.16) 

Here, A, B, C, and R are reaction time (min), adsorbent dose (g/L), pollutant 

concentration (mg/L), and removal%, respectively.  

5.3.10.9.1. Validation of the model: From the ANOVA analysis, it was observed that this 

model is significant with a P-value of <0.0001 and an F-value of 107.70 (>12). The 

correlation coefficient (R2) value of the mentioned model was 0.99. The R2 value also 

indicates that the predicted and observed data of this experiment are in reasonable 

agreement, indicating the significance of the model. Fig. 5.12 (A) shows the distribution 

of predicted and experimental values satisfying the validity of this model. 

5.3.10.9.2. Response of time and adsorbent dosage: The response of time and adsorbent 

dosage is presented in Fig. 5.12 (B). The graph shows that the optimum removal% was 

observed at 1.5g/ /L adsorbent dosage after 180 min. of adsorption. The maximum 

pollutant removal under these conditions was found to be 97.25%.  

5.3.10.9.3. Response of adsorbent dosage and pollutant concentration: In Fig. 5.12 

(C), the response of adsorbent dosage and pollutant concentration is presented. From the 

figure, it can be stated that at the adsorbent dose of 1.5g/L and 1mg/L pollutant 

concentration, the optimum removal was achieved. The optimum removal in these 

conditions was 97.28%.  

5.3.10.9.4. Response of pollutant concentration and time: The crosstalk between 

pollutant concentration and treatment time is represented in Fig. 5.12 (D). From the 

figure, it was observed that at a treatment time of 180 min. and 1 mg/L pollutant 
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concentration, the highest removal was achieved. The optimum removal in this 

experiment was 97.5%. 

 

5.3.11. Removal of acenaphthene by aerogel: In this study, a total of six aerogels were 

prepared, and the removal of acenaphthene by these aerogels was studied. To understand 

the detailed nature of the adsorption process, different parameters, viz., time, dose of 

aerogel, concentration of pollutant, pH, and temperature, were varied. The detailed result 

is explained below. 

5.3.11.1. Effect of contact time: The effect of contact time on the adsorption of 

acenaphthene is shown in Fig. 5.13 (A). As represented in the figure, the removal of 

acenaphthene increased with time, and the highest removal achieved in this study was 

93.48% by PVA-Si aerogel after 3 hr. of treatment while the other parameters were 

constant (pH 7, dose 1g/L, concentration 5mg/L, and temperature at 303 K). For 

Figure 5.12: Optimization of phenol removal by PVA-Si aerogel using Response Surface Methodology, 
representing (A) comparison of actual and predicted results, (B) response of time and aerogel dose, (C) 
response of aerogel dose and pollutant concentration, (D) response of time and pollutant concentration. 
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comparison, under the same conditions, for PVA-SDBC, PVA-SDC, and PVA-RHBC. 

PVA-RHC and PVA aerogel showed 89.68%, 83.23%, 85.22%, 81.25%, and 71.33%, 

respectively. After 180 min. of treatment, no significant change was observed in the 

concentration of acenaphthene, indicating that the adsorption equilibrium was achieved. 

A previous study showed that for PVA-Si aerogel, the acenaphthene removal reached up 

to 72.54% (Ghosh et al., 2024). This observation can be explained by considering the 

available surface area on the adsorbent surface and the interaction time of the adsorbent 

with adsorbate molecules. Before achieving the adsorption equilibrium, a large surface 

area and many pores on the adsorbent surface were available that contributed to the 

significant removal of the contaminant. But after 3 hr., the active sites on the aerogel 

surface eventually got saturated, which ceased the rapid increase of the removal% (Gao 

et al., 2019). From this observation, it can also be stated that fillers have a significant 

effect on the removal efficiency of aerogels, which causes the difference in removal using 

different aerogels. 

5.3.11.2. Effect of adsorbent dose: The dosage of adsorbent is a crucial parameter and 

affects the adsorption process significantly by the quantitative ratio of adsorbate and 

adsorbent (Şentürk and Alzein, 2020). According to Kroeker’s rule, for a constant initial 

concentration, the specific adsorbed volume decreases with increasing adsorbent mass 

(Pernyeszi et al., 2019). Thus, the adsorbent dose is positively correlated with the removal 

of the contaminant. This study considered three different dosages of aerogels, viz., 0.5 

g/L, 1 g/L, and 1.5 g/L, respectively. The effect of adsorbent dose on the removal of 

acenaphthene is shown in Fig. 5.13 (B). As represented in the figure, with the increasing 

dose of aerogel, the removal also increased. With the increasing adsorbent dosage, at a 

constant concentration of pollutant, more active surface area is available to interact with 

the pollutant molecules and increase the adsorption of the pollutant (Ma et al., 2020). 

From the result, it was also observed that, from 0.5 g/L to 1 g/L aerogel dosage, the 

adsorption increased rapidly, whereas from 1 g/L dosage to 1.5 g/L, the increase in the 

removal% % was not significant. This observation can be explained as after a specific 

adsorbent dosage, maximum adsorption is reached, and the availability of additional 

active sites does not affect the saturation point (Rápó et al., 2020; Rápó et al., 2019; 

Hamza et al., 2018). 

5.3.11.3. Effect of acenaphthene concentration: Initial pollutant concentration is one 

of the key parameters to affect the adsorption process. The pollutant concentration has a 
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significant role in the interaction rate between contaminant molecules and adsorption 

sites. The initial concentration of the solute acts as a driving force of the adsorption 

process, favouring diffusion and mass transfer from the solution. In such water treatment 

systems, the efficiency of the pollutant removal and the maximum concentration of 

pollutant adsorbed on the adsorbent’s surface are directly related to initial dye 

concentration (Terangpi and Chakraborty, 2017).  In this study, four acenaphthene 

concentrations, viz., 1 mg/L, 5 mg/L, 7 mg/L, and 10 mg/L, respectively, were 

considered. As shown in Fig. 5.13 (C), the maximum removal of acenaphthene was 

observed in the case of PVA-Si aerogel, at 1 mg/L concentration. The removal was 

93.48%. Being an efficient adsorbent, PVA-Si shows higher removal of naphthalene 

compared to other aerogels. It was also observed that with the increasing initial 

concentration, the removal decreased. In the case of PVA-Si aerogel, the removal% 

dropped to 76.90% at 10 mg/L initial concentration and showed the highest removal 

among all the aerogels at the specific initial concentration. This observation can be 

explained by the saturation of adsorption sites on the adsorbent surface. At low pollutant 

concentration, the active site and contaminant molecule’s ratio is larger, allowing the 

molecules to rapidly interact with the active site and to be removed from the solution. As 

the concentration increased, the trend slowed down due to the increased competition (de 

Farias Silva and da Gama, 2020). 

5.3.11.4. Effect of temperature: Temperature is an important physicochemical 

parameter to influences the adsorption process as it can shift the nature of the process 

from endothermic to exothermic and vice versa (Yeow et al., 2020). Moreover, it can also 

affect the process by increasing and decreasing the removal (Badwy et al., 2020). The 

temperature can also affect the adsorption process depending on the nature of adsorption, 

adsorbent and pollutant. Szende et al (2020) reported that if the adsorption process is 

physical adsorption (ΔHphysisorption= -20 kJ/mol), the higher temperature will negatively 

affect the adsorption process. On the other hand, if the process is chemical adsorption 

(ΔHchemisorption= -200 kJ/mol), the increasing temperature will also increase the sorption 

rate. Fig. 5.13 (D) represents the effect of temperature on the adsorption of acenaphthene 

by prepared aerogels. For this study, a total of four temperatures, viz., 298 K, 303 K, 308 

K, and 313 K, were considered. From the result of the batch study, it was observed that 

with the increase in temperature, the removal of acenaphthene also increased. The highest 

removal of acenaphthene was found in the case of PVA-Si aerogel, at 313 K temperature 
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with the value of 94.47% removal. For the same aerogel, the removal at 298 K was 

83.07%. This phenomenon can be explained by the increase in kinetic energy of the 

samples. As the kinetic energy increased, the diffusivity of the molecules in the water 

also increased, causing their increased movement towards the aerogel pores. 

5.3.11.5. Effect of pH: pH is an important parameter of the adsorption process, 

influencing the capacity of the adsorbent and affecting the efficiency of this process. pH 

affects the process in various ways, viz., the chemistry of pollutants, the coexisting ions 

of the solution, the functional groups and surface charge of the adsorbent surface (Khasri 

et al., 2021). pH also affects the adsorption mechanism and degree of ionization of the 

adsorbed ions. The effect of pH on the adsorption of acenaphthene by the prepared 

aerogels is shown in Fig. 5.13 (E). For this study, six different pH values, viz., 2,4,6,7,8, 

and 10, were considered respectively. From the figure, it can be stated that with the 

increasing pH, the adsorption of acenaphthene decreased. The highest removal of 

acenaphthene was found to be 91.17% in the case of PVA-Si aerogel at pH 2 and pH 10, 

the value decreased to 71.83%. This observation can be explained by the surface charge 

of the adsorbent. During the preparation of the aerogels, HCl was used as a catalyst; the 

surface of the aerogels is highly protonated. This protonated nature is important to 

maintain the crosslinking and the pore structures of the aerogels. Exposing them to an 

alkaline environment can weaken the chemical bonds and disrupt the pores. A similar 

result was found when the aerogels were treated with DI water at different pH, as 

described in section 5.3.7.7. The disruption of the pores and crosslinking networks causes 

a decline in the removal of pollutants at a higher pH level. 
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5.3.11.6. Adsorption isotherm analysis: In this study, the Langmuir and the Freundlich 

isotherm models were analyzed by plotting 
ଵ

௤೐
 vs 

ଵ

஼೐
 and ln Ce vs ln qe curves, respectively. 

From Table 5.10, it was observed that PVA-SDBC and PVA-SDC aerogels follow the 

Langmuir model, and the rest of the aerogels follow the Freundlich isotherm model, 

respectively. Hence, it was suspected that PVA-SDBC and PVA-SDC aerogels prefer a 

single-layer adsorption on the other side; the rest of the aerogels exhibited multilayered 

adsorption characteristics with heterogeneous pore distribution (Das et al., 2021). 

 

Adsorbent 
Langmuir isotherm Freundlich isotherm 

qm  KL R2 n KF R2 

PVA 8.9 0.38 0.88 1.51 2.23 0.98 

PVA-

RHBC 
7.00 2.29 0.94 2.61 4.10 0.99 

PVA-

SDBC 
7.30 2.08 0.99 1.83 4.19 0.89 

Figure 5.13: Adsorption of acenaphthene by prepared aerogels under the influence of (A) contact time, (B) 
aerogel dose, (C) pollutant concentration, (D) reaction temperature, and (E) pH of media. 

Table 5.10: Isotherm modelling of acenaphthene removal by aerogels 
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PVA-

RHC 
7.98 1.14 0.96 1.89 3.60 0.99 

PVA-SDC 7.33 1.23 0.96 1.85 3.35 0.89 

PVA-Si 7.69 2.13 0.94 2.45 4.45 0.98 

 

5.3.11.7. Adsorption kinetics analysis: The pseudo-1st order and pseudo-2nd order 

kinetic model was analyzed by plotting log (qe-qt) vs time (t) and 
௧

௤೟
 vs time (t) 

respectively. The equilibrium adsorption capacity (qe) and kinetic constant (K) were 

calculated from the slope and intercept. As shown in Table 5.11, all the aerogels follow 

the pseudo 2nd order kinetic model for acenaphthene removal with a significantly higher 

R2 value. 

 

Adsorbent 

Pseudo 1st order Pseudo 2nd order 

qe 

(mg/g) 

qt 

(mg/g) 

K1 

(min-1) 
R2 

qe 

(mg/g) 

qt 

(mg/g) 

K1 

(min-1) 

R2 

PVA 3.62 3.21 0.03 0.94 3.84 3.21 0.008 0.96 

PVA-

RHBC 
3.66 1.11 0.02 0.74 4.15 4.11 0.01 0.95 

PVA-

SDBC 
8.73 4.39 0.03 0.77 5.42 4.39 0.003 0.98 

PVA-

RHC 
3.15 3.85 0.02 0.77 3.96 3.85 0.01 0.99 

PVA-SDC 3.21 3.98 0.03 0.95 4.27 3.98 0.01 0.98 

PVA-Si 3.13 4.11 0.03 0.96 4.39 4.11 0.01 0.96 

 

5.3.11.8. Adsorption thermodynamics analysis: For the thermodynamic study of the 

aerogels, thermodynamic parameters, viz., Gibbs free energy (ΔG), enthalpy (ΔH), and 

entropy (ΔS), were calculated respectively in four different temperature conditions. As 

represented in Table 5.12, the adsorption process with all the aerogels in every 

temperature condition is endothermic in nature, as the ΔH value at every scenario is 

positive. It was also observed that the absolute value of ΔG increased with increasing 

Table 5.11: Kinetic modelling of acenaphthene removal by aerogels 
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temperature, signifying that the removal process is more efficient at higher temperatures. 

This observation also supports the result of temperature temperature-dependent batch 

study. From the positive value of ΔS, it can be stated that the adsorption process is 

spontaneous in nature (Das et al., 2021). Also, it was observed that the absolute value of 

ΔG is higher for every aerogel, compared to the normal PVA aerogel, showing the 

significant effect of filler materials on the adsorption process. 

 

Adsorbent 

Parameter Temperature (K) 

 

298 303 308 313 

PVA 

ΔH 60135.99 

ΔS 203.68 

ΔG -552.043 -1280.47 -2591.89 -3627.31 

PVA-SDBC 

ΔH 101464.05 

ΔS 349.45 

ΔG -2663.25 -4430.52 -6157.79 -7815.06 

PVA-RHBC 

ΔH 109129.56 

ΔS 374.77 

ΔG -2554.43 -4428.32 -6302.21 -8176.1 

PVA-SDC 

ΔH 145378.60 

ΔS 492.15 

ΔG -1283.75 -3744.53 -6215.3 -8652.08 

PVA-RHC 

ΔH 53378.37 

ΔS 187.58 

ΔG -2523.08 -3761.03 -4698.97 -5336.91 

PVA-Si ΔH 70225.86 

Table 5.12: Thermodynamic modelling of acenaphthene removal by aerogels 
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ΔS 245.42 

ΔG -2912.06 -4139.21 -5386.35 -6593.5 

 

5.3.11.9. Optimization of acenaphthene removal: To optimize the acenaphthene 

adsorption process, a Response Surface Methodology (RSM) study was performed 

(Aydar, 2018). A quadratic equation, presented as equation (5.17), was used to analyse 

and validate the experimental design. From the batch adsorption study, PVA-Si was 

selected as the most suitable aerogel for the process, and the RSM study was conducted 

with that adsorbent only. 

R =  64.76 + 33.14 ∗ A + 1.92 ∗ B − 11.11 ∗ C + 0.2725 ∗ AB − 0.9325 ∗ AC −

4.23 ∗ BC − 22.82 ∗ 𝐴ଶ − 0.8787 ∗ 𝐵ଶ + 1.61 ∗ 𝐶ଶ…………………… (5.17) 

Here, A, B, C, and R are reaction time (min), adsorbent dose (g/L), pollutant 

concentration (mg/L), and removal%, respectively.  

5.3.11.9.1. Validation of the model: From the ANOVA analysis, it was observed that this 

model is significant with a P-value of <0.0001 and an F-value of 49.20 (>12). The 

correlation coefficient (R2) value of the mentioned model was 0.98. The R2 value also 

indicates that the predicted and observed data of this experiment are in reasonable 

agreement, indicating the significance of the model. Fig. 5.14 (A) shows the distribution 

of predicted and experimental values satisfying the validity of this model. 

5.3.11.9.2. Response of time and adsorbent dosage: The response of time and adsorbent 

dosage is presented in Fig. 5.14 (B). The graph shows that the optimum removal% was 

observed at 1.5g/ /L adsorbent dosage after 180 min. of adsorption. The maximum 

pollutant removal under these conditions was found to be 97.45%.  

5.3.11.9.3. Response of adsorbent dosage and pollutant concentration: In Fig. 5.14 

(C), the response of adsorbent dosage and pollutant concentration is presented. From the 

figure, it can be stated that at the adsorbent dose of 1.5g/L and 1mg/L aerogel 

concentration, the optimum removal was achieved. The optimum removal in these 

conditions was 96.28%.  

5.3.11.9.4. Response of pollutant concentration and time: The crosstalk between 

pollutant concentration and treatment time is represented in Fig. 5.14 (D). From the 
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figure, it was observed that at a treatment time of 180 min. and 1 mg/L pollutant 

concentration, the highest removal was achieved. The optimum removal in this 

experiment was 98.7%. 

 

5.3.12. Multipollutant removal study of aerogels: For the multipollutant removal study, 

three different mixed pollutant solutions, viz., N-P, N-A, A-P, and N-P-A, were prepared 

and used. This experiment was conducted using PVA-Si aerogel, as it showed the highest 

efficiency in removing the pollutants from the solution. The result of this experiment is 

presented in Fig. 5.15. As shown in the figure, the removal of all the pollutants decreased 

compared to the single-pollutant solution. This phenomenon can be explained by the 

intermolecular competition of the contaminants. In the batch study, it was observed that 

all the pollutants show high efficiency for removal by these prepared aerogels. As another 

pollutant is introduced into the media, a competition is started between the molecules that 

Figure 5.14: Optimization of acenaphthene removal by PVA-Si aerogel using Response Surface Methodology, 
representing (A) comparison of actual and predicted results, (B) response of time and aerogel dose, (C) 
response of aerogel dose and pollutant concentration, (D) response of time and pollutant concentration. 
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decrease the removal. As shown in Fig. 5.15 (A), the removal of naphthalene and phenol 

was observed to be 24.68% and 50.57%, respectively. As the molecular size of 

naphthalene is larger compared to phenol, the phenol molecules can easily cross the 

hindrance barrier caused by the naphthalene molecule and bind to the surface of the 

aerogel. On the other hand, for the same reason, the naphthalene molecule faced difficulty 

to reach to the adsorbent surface. Fig. 5.15 (B) and 5.15 (C) represent the result of 

adsorption in A-P and N-A solutions, respectively. In the case of the A-P solution, a 

similar result to the N-P solution was observed and can be explained by the same 

phenomenon. In this solution, the removal of acenaphthene and phenol was found to be 

17.85% and 57.00%, respectively. On the other hand, in the case of N-A solution, removal 

of both pollutants was found to be closer due to the similarity of their structure. The 

removal of naphthalene and acenaphthene was 15.29% and 22.80%, respectively. Fig. 

5.15 (D) shows the removal of the pollutants in N-P-A solution, and it was observed that 

naphthalene showed the least removal with the value of 8.87%. For phenol and 

acenaphthene, the removal was 29.37% and 29.42%. From this study, it was inferred that 

the molecular size of the pollutants played a vital role in their removal during this 

experiment. 

 

5.3.13. Selectivity study of aerogels: For the selectivity study of the aerogel, a total of 

12 pollutants were used. Six organic pollutants (naphthalene, phenol, acenaphthene, 

Figure 5.15: Multipollutant removal study of PVA-Si aerogel using (A) N-P, (B) A-P, (C) N-A, and (D) N-A-P 
solutions. 
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anthracene, pyrene, phenanthrene), three dyes (methylene blue, aniline blue, congo red), 

and three metal ions (chromium, fluoride, lead) were used in this experiment. PVA-Si 

aerogel was used in this study, being the most efficient adsorbent throughout the 

experiment. The result of this experiment is presented in Fig. 5.16. From the figure, it 

was shown that the prepared adsorbents have an affinity towards organic pollutants and 

dyes, compared to metals. The lowest adsorption by these aerogels was found in the case 

of lead, with a removal of 9.24%. On the other hand, the highest removal was found in 

the case of phenanthrene, with 98.23% of removal. This phenomenon can be explained 

by the adsorption mechanism of the aerogels. The functional groups attached to the 

surface of the adsorbent promote the attachment of organic pollutants and dyes over 

metal.  

 

5.4. Conclusion:  

This chapter of this thesis mainly focuses on the preparation of PVA aerogel by a novel 

method, along with investigating the effect of filler materials on wastewater treatment. It 

was found that the prepared aerogels are showing significant removal of organic 

pollutants (viz., naphthalene, phenol, and acenaphthene) from aqueous solution, and the 

filler materials incorporated into the aerogel network are affecting the removal capacity. 

From the batch study, it was found that the PVA-Si aerogel is the most efficient one for 

wastewater treatment. From the modelling of the adsorption study, it was found that in 

Figure 5.16: Selectivity study of PVA-Si aerogel. 
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the case of all the pollutants, the process followed the pseudo-2nd-order kinetic model. It 

was also observed that the process was endothermic and spontaneous at all temperatures. 

From isotherm modelling, it can be stated that the process followed the Freundlich 

isotherm model for every pollutant and aerogel, but for PVA-SDC and PVA-SDBC, the 

best-fitted model was the Langmuir isotherm model. From the selectivity and 

multipollutant removal study, it was observed that the aerogels have an affinity towards 

organic pollutants and dyes compared to metal ions. Though the prepared aerogels 

showed significant adsorption for all the pollutants throughout the batch study, the 

adsorption process has some drawbacks of its own. To overcome them, bioremediation 

can be an effective process. This process was used to further investigate the research 

problems and is described in the next chapter. 
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Chapter: 6 

PREPARATION OF BACTERIA-DOPED AEROGEL AND ITS 

APPLICATION IN WASTEWATER TREATMENT 

6.1. Introduction:   

Aerogels, known for their unique properties, can provide an ideal matrix for bacterial 

doping depending on the building materials of the matrix. According to a previous study, 

wrapping bacteria isolated from the environment on a graphene nanosheet can enhance 

the dye removal activity by encapsulating two processes into the mechanism of one 

adsorbent. Also, selective biodegradation of oil in the wastewater treatment process was 

observed using microorganism-immobilised hydroxyethyl cellulose composite. Chen et 

al. (2024) reported that the degradation was improved after immobilising microorganisms 

on cellulose compared to their suspension stage. Ongoing advanced studies in material 

science and microbiology continue to refine the design and performance of the bacteria-

immobilised components, paving the way for widespread adsorption in environmental 

remediation and beyond. 

This chapter of the thesis, a study will be discussed focusing on the synthesis of bacteria-

doped PVA aerogel and its applications in organic pollutant removal from wastewater. 

6.2. Materials and Methods: 

6.2.1. Materials: Nutrient broth and nutrient agar were purchased from Himedia (India). 

Dipotassium hydrogen phosphate (K2HPO4), potassium dihydrogen phosphate 

(KH2PO4), magnesium sulphate (MgSO4), ammonium sulphate ((NH4)2SO4), disodium 

hydrogen phosphate (Na2HPO4), naphthalene, acenaphthene, and phenol were purchased 

from Loba Chemie (India). Hydrochloric acid (HCl), sodium hydroxide (NaOH), 

methanol, sodium chloride (NaCl), potassium chloride (KCl) and n-hexane 

(CH3(CH2)4CH3) were purchased from Merck (Germany). 

6.2.2. Isolation of bacteria: To isolate the bacteria used in this study, soil was collected 

from Dhapa, East Kolkata Wetland, Kolkata. Also, a multistep process was followed to 

prepare a pure culture of the bacterium of interest. 

6.2.2.1. Serial dilution: A total of six test tubes were taken, and each was filled with 9 

mL of DI water. The test tubes were cotton-plugged and sterilized at 394 K temperature 
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under 15 psi pressure. After the sterilization was complete, 1g of the collected soil was 

measured using a weighing machine (Sartorius, Germany) and taken in a sterilized test 

tube. The test tube was shaken, and the soil with the water was mixed thoroughly. After 

the mixture was prepared, 1 mL of the mixture was taken with a sterilized micropipette 

and transferred to the next test tube. The process was repeated in the case of the 2nd test 

tube, and 1 mL of the mixture was again transferred to the 3rd one. By repeating this 

process, the initial mixture was diluted up to 10-6 concentration of the initial 

concentration. 

6.2.2.2. Preparation of bacterial culture: 100 mL of DI water was measured using a 

measuring cylinder and taken in an Erlenmeyer flask. The nutrient agar media was 

measured using a weighing machine (Sartorius, Germany) and mixed with water at a 13 

g/L concentration. The mixture was stirred on a magnetic stirrer to make it homogeneous. 

After the nutrient agar media was properly mixed, it was sterilized at 394 K temperature 

and under 15 psi pressure. The sterilized agar media were placed inside a laminar airflow 

chamber and poured into sterilized Petri dishes. After the solidification of the agar, 0.1 

mL of previously prepared soil mixture with a 10-6 dilution was taken and spread on the 

agar medium using the spread plate method. The plates were incubated inside a BOD 

shaker incubator (Remi, India) at 303 K for 72 hr. 

6.2.2.3. Pure culture preparation: After 72 hr., the Petri plates were observed, and 

bacterial colonies were found with distinct colour and texture. In an Erlenmeyer flask, 

100 mL of DI water was poured, and a sterilized nutrient broth media was prepared as 

described in section 6.2.2.2. From the cultured petri plates, one single colony was 

collected with a culture loop, and the nutrient broth was inoculated with the colony. The 

broth media was incubated in a BOD shaker incubator (Remi, India) at 303 K under 

constant rotation for 72 hr. 

After the incubation period, bacterial growth was observed in the nutrient media. One set 

of nutrient agar culture plates was prepared following the process described in section 

6.2.2.2, and 0.1 mL of the cultured broth was used to inoculate the Petri plates. Again, 

the plates were incubated in a BOD shaker incubator under conditions as mentioned 

previously. This process was repeated until a single type of colony was isolated. 

In this study, this isolated microorganism was named as SMO or soil isolated 

microorganism, till it was identified by RT-PCR. Rest on the microorganisms used in this 
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study were Bacillus sp. and Pseudomonas sp., were purchased from MTCC. Another 

organism Lysinibacillus sp. was isolated previously in the laboratory. 

6.2.3. Behaviour of bacteria under stress: To understand the behaviour of the bacteria 

under different stress conditions, parameters like pH (2-10), salinity (2%-5%), and 

temperature (298 K-313 K) were varied. Also, the growth pattern of bacteria in the 

presence of pollutants, viz., naphthalene, acenaphthene, and phenol, was observed 

compared to the growth in the nutrient broth. 

6.2.3.1. Preparation of nutrient media for analysis of physical stress: The behaviour 

of bacteria under different pH, salinity, and temperature conditions was observed by 

growing the microbes in a nutrient broth. The nutrient broth was prepared as described in 

section 6.2.2.2. To adjust the salinity of the solution, NaCl was measured by using a 

weighing machine (Sartorius, Germany) and mixed with the nutrient broth media. In the 

case of pH, 0.1 (N) NaOH and 0.1 (N) HCl buffer solutions were used to adjust the pH. 

A pH meter (TestR-35, Eutech) was used to measure the pH. Also, in the case of 

temperature stress, the temperature was controlled by using BOD shaker incubators 

(Remi). 

6.2.3.2. Preparation of media to study the effect of pollutants: On the other hand, to 

analyze the stress effect of contaminants, viz., naphthalene, phenol, and acenaphthene, 

minimal media was used. 

6.2.3.2.1. Preparation of pollutant solution: To make the solutions of naphthalene, 

acenaphthene, and phenol, with a 5mg/L concentration, the process was followed as 

described in sections 5.2.5.1.1, 5.2.5.1.2, and 5.2.5.1.3. respectively. 

6.2.3.2.2. Preparation of minimal media: 500 mL of the prepared pollutant solutions 

were measured in a measuring cylinder and taken into an Erlenmeyer flask. 3.5 g of di-

potassium hydrogen phosphate, 1 g potassium di-hydrogen phosphate, 0.05 g of 

magnesium sulphate, and 0.5 g ammonium sulphate were measured using a weighing 

machine (Sartorius, Germany) and added to the DI water. The solution was stirred on a 

magnetic stirrer to make the distribution of solute homogeneous. 

6.2.3.3. Inoculation of bacteria: To sterilize the prepared nutrient media, it was treated 

inside an autoclave at 394 K temperature and 15 psi pressure. The minimal media was 

sterilized in a laminar airflow cabinet using UV exposure. After the sterilization is 
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complete, 1 mL of previously prepared bacterial culture is added to the media and 

incubated in a BOD shaker incubator (Remi) for five days at 303 K under constant 

rotation. The samples were collected in a specific time interval. 

6.2.3.4. Measuring the bacterial growth: The bacterial growth in the collected samples 

was measured using a UV-Viz spectrophotometer (PerkinElmer, USA) at a wavelength 

(λmax) of 600 nm. All the data was analyzed using Microsoft Excel 365. 

6.2.4. Minimal inhibitory concentration (MIC) analysis: Minimal inhibitory 

concentration is an important parameter in a microbiology experiment. This test 

determines the minimum concentration of any substance that induces an inhibitory effect 

on the growth of a microorganism. In this study, three pollutants of interest, viz., 

naphthalene, acenaphthene, and phenol, were investigated for their minimal inhibitory 

concentration on microorganisms, viz., Bacillus sp., Lysinibacillus sp., Pseudomonas sp., 

and SMO, respectively. 

6.2.4.1. Preparation of solution: For this study, the pollutant solutions were prepared 

with a 100 mg/L concentration following the processes as described in sections 5.2.5.1.1, 

5.2.5.1.2, and 5.2.5.1.3. respectively. These solutions were stored as stock solutions. A 

further dilution of the stock solutions to three different concentrations, viz., 10 mg/L, 1 

mg/L, and 0.1 mg/L, respectively, was performed. 

6.2.4.2. Preparation of microbial culture media: To culture the microorganisms, 

nutrient agar media were used in this experiment. The nutrient agar Petri plates were 

prepared by following the process described in section 6.2.2.3. On the other hand, filter 

papers (Whatman 41) were cut into small circles and submerged in the prepared pollutant 

solutions and sterilized in a laminar chamber under UV exposure. After sterilization, the 

filter papers were treated with the solutions for 24 hr. Following that, four of the filter 

papers with four different concentrations were placed on the four corners of the Petri 

plates. 

6.2.4.3. Inoculation of microbial media and measuring of MIC: 0.1 mL of previously 

prepared microorganisms was used to inoculate the plates with the spread plate method 

and incubated inside an incubator for 5 days at 30oC. After the incubation was completed, 

the plates were collected, and rings were observed surrounding the filter papers. The 

diameter of the rings was measured. 
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6.2.5. Bioremediation of pollutants by bacteria: The bioremediation of pollutants from 

the water solution by bacteria was performed with a batch study. Different parameters in 

this experiment were optimized to study their effect on the adsorption process.  

6.2.5.1. Preparation of pollutant solution: In this study, three organic pollutants, 

naphthalene, acenaphthene, and phenol, were used as the pollutants of interest. The 

solutions were prepared as mentioned in section 6.2.3.2.2. 

6.2.5.2. Experimental Procedure: The previously prepared pollutant solutions 

(mentioned in section 6.2.5.1) were used for the batch study in this research. To perform 

the batch study, 100 mL of each solution was taken into an Erlenmeyer flask, and 1 mL 

of the microorganisms was added to the solution and treated inside a BOB shaker 

incubator for 5 days. Samples were collected in a pre-determined interval and analysed 

by a UV-Vis spectrophotometer (PerkinElmer, USA) and an HPLC machine (Waters 

model- 2489). The detailed specification of the analysis is mentioned in section 5.2.5.2. 

For the baseline study, the pollutant concentration was 5 mg/L, and the dose of microbes, 

pH, and temperature were maintained at 1 mL/100 mL, 7, and 303 K respectively. For 

the detailed batch study, the pollutant concentration (1 mg/L- 10 mg/L), dose of microbe 

(0.5 mL/100 mL- 3 mL/100 mL), pH (2-10), salinity (1%-3%) and temperature (298 K- 

313 K) were varied to study their effect on the adsorption process. 

The percentage removal of the pollutants was calculated by equation (6.1) 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 % =   
஼బି஼೟

஼బ
𝑥100…………… (6.1) 

Where C0 is the initial concentration (mg/L) of pollutant in aqueous solution, Ct is the 

concentration (mg/L) of pollutant after the adsorption performed for time t. 

6.2.5.3. Modelling of bioremediation using the Monod model: The Monod model is 

the fundamental kinetic framework used to analyse microbial growth and substrate 

utilization in the bioremediation process. It describes the relationship between the 

specific growth rate of microorganisms (μ) and the concentration of a limiting substrate 

(S). The relationship is expressed as equation (6.2). 

𝜇 = 𝜇௠௔௫
ௌ

௄ೄାௌ
……………………….. (6.2) 

Here, μmax is the maximum specific growth rate, and Ks is the half-saturation constant. 
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6.2.6. Doping of microorganisms into aerogel matrix: From the bioremediation study, 

three different microbial strains were selected with the highest removal efficiency and 

doped into the aerogel network. Aerogels were prepared following the process as 

described in section 5.2.3. The nutrient broth medium was prepared and inoculated using 

the microorganisms as described in section 6.2.2.3. Following that, the aerogels were 

submerged in the media and incubated in a BOD shaker incubator (Remi) for seven days 

at 303 K temperature and under constant rotation. After the incubation period, the 

aerogels were collected and lyophilized using a freeze-drier (EYELA, FDU-1200). 

6.2.7. Removal of organic pollutants using bacteria-doped aerogel: The 

bioremediation of pollutants from the water solution by bacteria-doped aerogels was 

performed with a batch study. Different parameters in this experiment were optimized to 

study their effect on the adsorption process. Response Surface Methodology (RSM) was 

utilized to optimize the removal process, and modelling of the data was performed to 

understand the underlying phenomena. 

6.2.7.1. Preparation of pollutant solution: In this study, three organic pollutants, 

naphthalene, acenaphthene, and phenol, were used as the pollutants of interest. The 

solutions were prepared as mentioned in section 6.2.3.2.2. 

6.2.7.2. Experimental procedure: The batch study of this experiment was conducted 

according to the process as described in section 6.2.5.2. 

6.2.7.3. Optimization of removal using Response Surface Methodology: To optimize 

the removal process, response surface methodology (RSM) was performed. The 

experimental model was created by using the Box-Behnken design and a second-order 

system. Being a second-order system, the model followed a quadratic equation that was 

validated by varying different experimental parameters, viz., time (5-8640 min.), 

adsorbent dose (0.5g/L -1.5g/L), and pollutant concentration (1 mg/L- 10 mg/L). Design 

Expert-13 (Version- 7) software was used for this purpose, and a total of seventeen unique 

combinations of the experimental conditions were investigated. For the ANOVA analysis, 

all the data of the mentioned seventeen runs were collected and fitted by using the 

quadratic equation. From the result of this analysis, the validity of the design was 

established. 

6.2.7.4. Gas chromatography mass spectroscopy (GC-MS) analysis of solution after 

removal: GC-MS analysis was performed to identify the compounds produced after 
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bioremediation of the pollutants. For this analysis, a GC-MS machine (Thermo Trace- 

1300) was used with a TG-5MS column. To prepare the samples, 0.1 mL of each solution 

was taken and diluted with n-Hexane in a 1:10 ratio. Following that, the samples were 

shaken vigorously and left for 10 min. to form separate layers. The upper layer (hexane) 

was collected using a micropipette and passed through a syringe filter. 0.1 mL of the 

sample was taken in a syringe and injected into the inlet of the GC-MS analyzer. Xcalibur 

software and the MS library were used to identify the products. 

6.2.8. Characterization study: The characterization of bacteria, as well as bacteria-

doped aerogels, was performed to better understand their interaction with the pollutants. 

6.2.8.1. Gram staining of bacteria: The Gram staining process was used to determine if 

the used bacteria were Gram-positive or Gram-negative. For this experiment, a glass slide 

was cleaned with 70% ethanol, and 2 loopfuls of bacterial culture were added to the slide. 

The slide was dried using the heat-fix technique by the flames of a spirit lamp. For 

primary staining, crystal violet stain was used. The slide was flooded with crystal violet 

solution and left for 60 seconds. As a mordant, in this experiment, the stained slide was 

treated with Gram’s iodine for 1 min. Following that, it was washed for 30 seconds with 

ethanol. In the next step, also known as counterstaining, the slide was flooded with 

Safranin stain and left for another 30 seconds. After the staining was complete, it slides 

were blotted dry and sealed using a cover slip. The prepared slides were then observed 

under a light microscope (Dewinter, Fluorex-LED). 

6.2.8.2. Inverted microscopy of bacteria: For the inverted microscopy, the slides were 

prepared by the heat-fix method as described in section 6.2.8.2. After that, a cover slip 

was used to seal the glass slide. The prepared slide was used to observe under an inverted 

microscope (Zeiss, Germany). 

6.2.8.3. Identification of bacteria: The identification of isolated soil microorganism 

(SMO) was performed by RT-PCR techniques along with gel electrophoresis and 

matching FASTA sequence. This analysis was performed by Biokart India Pvt. Ltd. 

6.2.8.4. Gram staining of bacteria-doped aerogel: For gram staining of the bacteria-

doped aerogel, the aerogels were cut into small pieces and placed on a glass slide. For the 

rest of the experiment, the process described in section 6.2.8.1 was followed. 
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6.2.8.5. Crystallographic profiling of bacteria-doped aerogel: The crystallographic 

profiling of the bacteria-doped aerogel was performed by following the process described 

in section 4.2.9.2 of chapter 4. 

6.2.8.6. Functional group analysis of bacteria-doped aerogel: To analyze the 

functional groups present on the surface of bacteria-aerogels, ATR-FTIR was performed 

as described in section 4.2.9.3 of chapter 4. 

6.2.8.7. Surface morphology analysis of bacteria-doped aerogel: The surface 

morphology of bacteria-aerogels was analyzed by scanning electron microscopy (SEM), 

as described in section 4.2.9.4 of chapter 4. 

6.2.8.8. Thermal profiling of bacteria-doped aerogel: To study the thermal profile of 

prepared samples, thermogravimetric analysis (TGA), differential scanning calorimetry 

(DSC), and differential thermal analysis (DTA) were performed as described in section 

5.2.4.5 of chapter 5. 

6.2.8.9. Elemental analysis of bacteria-doped aerogel: To study the elemental 

composition of the surface, energy dispersive X-ray analysis (EDAX) was performed as 

described in section 4.2.9.5 of chapter 4. 

6.2.8.10. AO/EB alternate staining of bacteria-doped aerogel: For the AO/EB 

alternate staining method, two stains, viz., ethidium bromide (EB) and acridine orange 

(AO), were used respectively. This method was performed to understand the survival of 

bacteria inside the aerogel network. 

6.2.8.10.1. Preparation of phosphate buffer solution (PBS) and bacterial suspension: 

To stain the bacterial colony, the bacteria were released from the aerogel network by 

treating it with phosphate buffer. To prepare the PBS solution, 8 g of NaCl, 0.2 g of KCl, 

1.44 g of Na2HPO4, and 0.24 g of KH2PO4 were measured using a weighing balance 

(Sartorius, Germany) and mixed with 1 L of DI water in an Erlenmeyer flask on a 

magnetic stirrer. The PBS solution was sterilized under 15 psi pressure and at 394 K 

temperature. The sterilized PBS media was then inoculated with 1 g of bacteria-doped 

aerogel and incubated for 3 days in a BOD shaker incubator (Remi) under constant 

agitation and at 303 K temperature. 

6.2.8.10.2. Preparation of staining solutions: To make the stain stock solution, 50 mg 

and 30 mg of AO and EB stains were measured, respectively, using a weighing machine 
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(Sartorius, Germany) and diluted in 10 mL of ethanol to make separate solutions. 

Following that, 0.1 mL of AO and EB stock solutions were taken and mixed with 1 mL 

of PBS solution. 

6.2.8.10.2. Staining of microorganism: 0.2 mL of each stain solution was taken and 

mixed. 0.1 mL of the phosphate buffer was mixed with the staining mixture and incubated 

for 10 min. 2 loopfuls of bacteria inoculated stain solution were placed on a sterilized 

glass slide and sealed with a cover slip. The prepared slide was observed under the 

fluorescent microscope (Dewinter, Fluorex-LED) at 460 nm. 

6.3. Result: 

6.3.1. MIC: The MIC analysis was performed to understand the minimum inhibitory 

concentration of each pollutant for every bacterium. From Fig. 6.1, it can be stated that 

Bacillus sp., Lysinibacillus sp., and Pseudomonas sp. have shown inhibition in the case 

of naphthalene at a 100 mg/L concentration. From Lysinibacillus sp. and Pseudomonas 

sp., inhibition at 10 mg/L was also observed. The diameters of the inhibition zones are 

presented in Table 6.1. 

 

Bacteria Pollutant Concentration 

(mg/L) 

Diameter of 

inhibition zones 

(cm) 

Bacillus sp. Naphthalene 0.1 - 

1 - 

10 - 

100 2.0 

Phenol 0.1 - 

1 - 

10 - 

100 - 

Acenaphthene 0.1 - 

1 - 

10 - 

100 - 

Table 6.1: The diameter of inhibition zones 
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Lysinibacillus sp. Naphthalene 0.1 - 

1 - 

10 1.5 

100 2.3 

Phenol 0.1 - 

1 - 

10 - 

100 - 

Acenaphthene 0.1 - 

1 - 

10 - 

100 - 

Pseudomonas sp. Naphthalene 0.1 - 

1 - 

10 1.7 

100 2.5 

Phenol 0.1 - 

1 - 

10 - 

100 - 

Acenaphthene 0.1 - 

1 - 

10 - 

100 - 

SMO Naphthalene 0.1 - 

1 - 

10 - 

100 - 

Phenol 0.1 - 

1 - 

10 - 

100 - 
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Acenaphthene 0.1 - 

1 - 

10 - 

100 - 

 

 

From the 

data, it was 

observed that Phenol and acenaphthene did not show any inhibitory effect on the 

microbes even at a higher concentration, showing their resistance towards the inhibitory 

effect. In the case of naphthalene, inhibitory zones were found, but the diameter in 

minimal. From this data, the selection of these microorganisms to remediate the pollutants 

of interest can be explained. 

6.3.2. Identification of bacteria: Using RT-PCR, gel electrophoresis, and FASTA 

sequence matching, the identification of SMO was performed. From the data, it was 

concluded that the bacterium isolated from soil was Bacillus anthracis (Also presented 

as B. anthracis); GeneBank: PP159024.1. The picture of gel electrophoresis and 

phylogenetic tree of the bacteria is presented as Fig. 6.2 (A) and (B), respectively. 

Figure 6.1: MIC analysis of bacteria 
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6.3.3. Stress response of bacteria: To understand the response of the bacteria under 

different stress conditions, the conditions were simulated in the laboratory, and the growth 

kinetics of the bacteria were observed.  

6.3.3.1. Effect of pollutant: The pollutants can have a significant influence on the growth 

of bacteria. As shown in Fig. 6.3 (A), the growth curve of the bacteria in the nutrient broth 

is stable. The effect of naphthalene, phenol, and acenaphthene is presented in Fig. 6.3 

(B), (C), and (D), respectively. From the figure, it can be stated that the pollutant, present 

in the media, can act as a nutrient source for the bacteria to grow, but it also inhibits the 

bacterial growth compared to the nutrient media. As shown in Figure 6.3 (A), all the 

bacteria reach the saturation phase after five days of inoculation, but no saturation was 

observed in the case of naphthalene. Also, the maximum optical density value of the 

bacterial culture in the nutrient broth was found to be 0.78, whereas for naphthalene-

treated media, the optical density value was 0.39. From this observation, it can be stated 

that naphthalene shifts the bacterial growth curve to the right side of the time axis by 

delaying the growth. 

In the presence of both acenaphthene and phenol, as shown in Fig. 6.3 (C) and (D) 

respectively, the death phase of the growth curve was observed. Also, the maximum 

optical density values observed in this study, compared to Fig. 6.3 (A), were very less. 

This result indicates the effect of phenol and acenaphthene slow down the growth of 

bacteria. 

Figure 6.2: Identification of SMO (A) gel electrophoresis, and (B) phylogenetic tree 



136 
 

6.3.3.2. Effect of pH: The growth of the microorganisms was observed under different 

pH conditions. As shown in Fig. 6.3 (E), it was observed that the shift of pH to the acidic 

or alkaline side inhibits the growth of bacteria. For all the organisms, the maximum 

growth was found at pH 8. Sánchez-Clemente et al. (2018) reported that, at extreme pH, 

the ATP production of cells is affected. The synthesis of ATP is highly dependent on the 

proton gradient of the cell. At extreme pH, the gradient gets disrupted, hence affecting 

the ATP synthesis and the survival of bacteria. Another factor to inhibit bacterial growth 

at extreme pH is the alteration of protein structure. Also, at high pH, hydrogen bonds 

become vulnerable, causing damage to DNA and protein structures. 

6.3.3.3. Effect of temperature: The effect of temperature on the growth of bacteria is 

shown in Fig. 6.3 (F). From the figure, it was observed that the maximum bacterial growth 

was observed at 303 K temperature. A previous study reported similar results for E. coli, 

explaining the reason for the growth inhibition. According to this study, extreme 

temperatures can alter enzymatic activity, affect membrane integrity and nucleic acid 

stability, causing permanent cellular damage (Nguyen, 2006). 

6.3.3.4. Effect of salinity: Salinity was also an important parameter affecting bacterial 

growth. As presented in Fig. 6.3 (G), with the increasing salinity, bacterial growth is 

inhibited. Zhang et al. (2014) reported that with the increasing salinity, osmotic stress 

also increased, causing disruption of cells. Ion toxicity and metabolic disruption are also 

responsible for the inhibition of bacterial growth (Rath et al., 2018). 
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Figure 6.3: Response of bacteria in (A) nutrient broth, (B) naphthalene media, (C) phenol media, (D) 
acenaphthene media, (E) under different pH, (F) under different temperature, (G) under different salinity. 
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6.3.4. Microscopy: The microscopic images of Bacillus sp., Lysinibacillus sp., 

Pseudomonas sp., and B. anthracis after Gram staining are presented in Fig. 6.4 (A), (B), 

(C), and (D), respectively. From the figures, it can be observed that all the 

microorganisms used in this study, but Pseudomonas sp., are Gram-positive. The 

Pseudomonas strain was found to be Gram-negative. 

The inverted microscopic images of Bacillus sp., Lysinibacillus sp., Pseudomonas sp., 

and B. anthracis are presented in Fig. 6.4 (E), (F), (G), and (H). From the figure, it was 

observed that all the microorganisms are rod-shaped. 

Fig. 6.4 (I) presents the bacterial colony inside the aerogel network (marked with a black 

circle). This observation assures the proper doping and growth of microorganisms inside 

the gel matrix. 

Fig. 6.4 (J) and (K) show the result of AO/EB staining. In Figure 6.4 (J), the presence of 

a green colony indicates the survival of bacteria inside gel matrix. On the other hand, 

figure 6.5 (K) represents red colony, indicating the dead microorganisms. The dominance 

of the green colony over red colony signifies the inside environment of the prepared 

aerogels are suitable for the bacteria to survive. 



139 
 



140 
 

 

6.3.5. Crystallographic profiling: The crystallographic profiling of the prepared 

bacteria-doped aerogels was performed by XRD analysis. Fig. 6.5 shows the result of the 

comparative XRD analysis of the normal and bacteria-doped aerogel. From the figure, it 

can be stated that for both the aerogel samples, a peak at 2Ө= 19.3o was observed. Hema 

et al. (2009) reported that this peak is a characteristic peak of the PVA component. From 

the figure, a change in the XRD peak was also observed after adding bacteria into the 

aerogel network. In case of Pseudomonas-doped PVA-Si aerogel, two new peaks were 

observed at 2Ө= 31.23o and 41.01o respectively, confirming the presence of silica inside 

the PVA network (Nguyen et al. 2022). 

Figure 6.4: Images of (A) Bacillus sp., (B) Lysinibacillus sp., (C) Pseudomonas sp., and (D) B. anthracis under 
light microscope; (E) Bacillus sp., (F) Lysinibacillus sp., (G) Pseudomonas sp., and (H) B. anthracis under 
inverted microscopy, (I) microorganisms in aerogel network, (J) living and (K) dead bacterial colony in 

aerogel network after AO/EB staining. 
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6.3.6. Functional group analysis: Fig. 6.6 presents the ATR-FTIR analysis of bacteria-

doped aerogels. From the figure, four major peaks were seen at 3226 cm-1, 2940 cm-1, 

2910 cm-1, 1645 cm-1, 1411 cm-1, and 1091 cm-1, respectively. The presence of an 

aldehyde group in the aerogel was observed at 3373 cm-1 due to the usage of 

glutaraldehyde in the production process. Peaks at 2914 cm-1 and 1645 cm-1 are attributed 

to the C-H of alkyl groups and C=O groups, respectively (Mansur et al., 2004). The 

presence of C-O stretching of acetyl groups is represented by 1091 cm-1 (Nafee et al., 

2017). As the PVA, biochar, and cellulose contain almost the same functional group 

compositions on their surface, no significant difference in the ATR-FTIR analysis was 

observed. However, in the case of PVA-Si aerogel, a distinct peak at 606 cm-1 was 

observed representing Si-O-Si vibration (Chuan-Chao et al., 2014). 

Figure 6.5: Comparative XRD analysis of aerogel before and after bacterial doping 
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6.3.7. Scanning electron microscopy: The SEM images of normal and bacteria-doped 

aerogels are presented in Fig. 6.7 (A) and (B), respectively. In Fig. 6.7 (A), the surface of 

aerogel without bacterial doping is presented. Compared to that, the other picture of the 

aerogel surface shows a significant morphology change after bacterial doping. The 

presence of these cavities on the surface contributes to the high adsorption efficiency of 

the aerogels.  

 

 

Figure 6.6: Comparative ATR-FTIR analysis of aerogel before and after bacterial doping 

Figure 6.7: SEM images of aerogel (A) before and (B) after bacterial doping 
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6.3.8. Elemental analysis: The surface elemental composition of the aerogel before and 

after microbial doping was studied by EDAX analysis. The EDAX analysis was reported 

after bacterial doping inside the aerogel network was observed. Table 6.4 represents % of 

different materials present in the aerogel network. As represented in Table 6.2, from the 

study, it was found that normal aerogel contains 59.90% carbon and 40.10% oxygen. On 

the other hand, bacteria-doped aerogel contains 70.00% carbon along with 16.37% 

oxygen. Also, the presence of chlorine, sodium, and potassium was detected with 10.96%, 

1.96% and 1.08% values. As represented in Figure 6.8. The presence of sodium, 

potassium, and chlorine was detected by treating aerogel with nutrient broth media. 

 

Aerogels Carbon 

atomic % 

Oxygen 

atomic % 

Chlorine 

atomic % 

Sodium 

atomic % 

Potassium 

atomic % 

Normal 

aerogel 

59.90 40.10    

Bacteria-

doped 

aerogel 

70.00 16.37 10.96 1.96 1.08 

 

 

Figure 6.8: EDAX analysis of bacteria-doped aerogel 

Table 6.2: EDAX analysis of synthesised aerogels 
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6.3.9. Thermal profiling: Fig. 6.9 (A) shows the comparative thermogravimetric 

analysis (TGA) of the prepared aerogel before and after bacterial doping. From this 

figure, a difference in the change in percentage of weight for temperature was observed. 

For aerogel before bacterial doping, the weight% decreased to 87.97% at the temperature 

176oC, and then it rapidly degraded to 0%. On the other hand, for bacteria-doped aerogel, 

the first stage of sample degradation was found in the range of 40oC to 214.52oC. The 

weight loss in this stage signifies the degradation of PVA. After that, the aerogel degraded 

rapidly. This stage is attributed to the degradation of the crosslinking of the PVA network. 

After that, for both aerogels, carbonation was observed till 327oC (Yang, 2007). From the 

result of TGA analysis, it can be stated that after adding bacteria to the matrix, a slight 

change in the degradation was observed. The similar pattern of degradation indicates no 

significant change in the chemical structure of the gel, but the right shift shows the 

increase in biomass content after bacterial doping. 

Fig. 6.9 (B) shows the differential thermal analysis (DTA) of the prepared aerogels.  In 

the figure, the first step of the reaction, a downward peak was observed at 176.71oC and 

151.93oC for aerogel before and after bacterial doping, respectively. These peaks 

represent an endothermic event during this analysis. In the second step of the reaction, a 

sudden exothermic shift was observed for both the aerogels. A third step was also 

observed for bacteria-doped aerogel, signifying an endothermic reaction from 588oC until 

the end of the analysis. 

Fig. 6.9 (C) shows the differential scanning calorimetry (DSC) analysis of the aerogels 

before and after bacterial doping. In that figure, a distinct endothermic peak for normal 

aerogel was observed at 176oC supports the TGA data and rapid degradation. The gradual 

increase of heat flow for both samples suggests the continuous decomposition of the 

samples with increasing temperature. A divergence in the thermal curves was observed at 

a higher temperature, explaining their different thermal stability and behaviour. 
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6.3.10. Removal of naphthalene by bacteria: The bioremediation of naphthalene by all 

four selected bacteria, viz., Bacillus sp., Lysinibacillus sp., Pseudomonas sp., and B. 

anthracis, was studied. Different parameters were varied to understand their effect on the 

removal. 

6.3.10.1. Effect of treatment time: The effect of contact time on the bioremediation of 

naphthalene is shown in Fig. 6.10 (A). As represented in the figure, the removal of 

naphthalene increased with time, and the highest removal achieved in this study was 

93.12% by Pseudomonas sp. after 5 days of treatment, while the other parameters were 

constant (pH 7, dose 1 mL/100 mL, concentration 5mg/L, and temperature at 303 K). For 

comparison, under the same conditions, Bacillus sp., Lysinibacillus sp., and B. anthracis 

showed 86.68%, 83.14%, and 85.82% of removal, respectively. After 5 days of treatment, 

no significant change was observed in the concentration of the pollutant, indicating that 

the equilibrium was achieved. A previous study showed that pollutant removal by bacteria 

reached up to 94% (Mahapatra and Phale, 2021). This observation can be explained by 

considering the metabolism of bacteria and the interaction time of the bacteria with 

pollutant molecules (Abd El-Rahim et al., 2009). Before achieving the equilibrium, a 

Figure 6.9: Comparative (A) TGA, (B) DTA, and (C) DSC analysis of aerogel before and after bacterial doping 
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growth in bacterial culture was observed, which contributed to the significant removal of 

the contaminant. 

6.3.10.2. Effect of microbial dose: The dosage of bacteria is a crucial parameter and 

affects the removal process significantly. This study considered four different dosages of 

bacteria, viz., 0.5 mL/100 mL, 1 mL/100 mL, 2 mL/100 mL, and 3 mL/100 mL, 

respectively. The effect of bacterial dose on the removal of pollutant is shown in Fig. 6.10 

(B). As represented in the figure, with the increasing dose, the removal also increased till 

2 mL/ 100mL, and after that, a decline was observed. Higher microbial dosage provides 

more microbial mass and metabolic activity, which results in higher removal (Santini et 

al., 2016); however, after a certain point, the increasing dose causes resource scarcity and 

an increase in concentration. Therefore, an opposite effect also occurred in the removal 

of the pollutant (Liu et al., 1993). In this study, the highest removal was achieved by 

Bacillus sp., at 2 mL/ 100 mL dose, and the value was 99.52%. 

6.3.10.3. Effect of pollutant concentration: Initial pollutant concentration is one of the 

key parameters to affect the adsorption process. The pollutant concentration has a 

significant role in the growth of the bacteria, interaction rate between contaminant 

molecules and bacterial intake sites (Sayara et al., 2010). The initial concentration of the 

solute acts as a driving force of the bioremediation process, favouring diffusion and mass 

transfer from the solution. In such water treatment systems, after the threshold limit, 

further increasing of substrate concentration may lead to saturation effects (Nocentini et 

al., 2000).  In this study, five pollutant concentrations, viz., 1 mg/L, 3 mg/L, 5 mg/L, 7 

mg/L, and 10 mg/L, respectively, were considered. As shown in Fig. 6.10 (C), the 

maximum removal of naphthalene was observed in the case of Bacillus sp., at 10 mg/L 

concentration. The removal was 94.09%. It was also observed that with the increasing 

initial concentration, the removal decreased for all the bacteria but Bacillus sp., showing 

different tolerance towards the pollutant. The least removal was observed in the case of 

Lysinibacillus sp., at the concentration of 1 mg/L. The value of pollutant removal found 

in this study was 35.61%. At higher concentrations, the pollutants lead to toxicity and 

reduce the removal (Sharma and Indu, 2020). 

6.3.10.4. Effect of temperature: Temperature is an important physiological parameter 

to influences the removal process of a pollutant, as this parameter has an important effect 

on microbial growth. In most cases, higher temperatures enhance the removal of 



147 
 

pollutants, but at extreme temperatures, the growth of microbes is reduced (Iqbal et al., 

2007). It was observed that for every microbe, there is an optimum temperature, and at 

that temperature, the microbial activity is the maximum (Sanscartier et al., 2011). Topp 

et al. (1997) reported that most of the microbes show optimum temperature at a range of 

298 K- 308 K. Fig. 6.10 (D) represents the effect of temperature on the removal of 

naphthalene by microorganisms. For this study, a total of three temperatures, viz., 298 K, 

303 K, and 313 K were considered respectively. The highest removal was found in the 

case of Pseudomonas sp., at 303 K temperature with the value of 93.137% removal. For 

the same bacteria, the removal at 298 K was 30.01%.  

6.3.10.5. Effect of pH: pH is an important parameter of the bioremediation process. pH 

affects the process in various ways, viz., the chemistry of pollutants, the coexisting ions 

of the solution, and the ionic balance of microorganisms. pH also affects the adsorption 

mechanism and degree of ionisation. The effect of pH on the bioremediation of 

naphthalene is shown in Fig. 6.10 (E). For this study, six different pH values, viz., 

2,4,6,7,8, and 10, were considered respectively. From the figure, it can be stated that for 

each bacterium, the maximum removal was observed at pH 7. The highest removal of 

naphthalene was found to be 93.11% in the case of Pseudomonas sp. This observation 

can be explained by the enzymatic activity of bacteria. At extreme pH, denaturation of 

bacterial enzymes can occur, significantly decreasing the removal efficiency (Megharaj 

et al., 2011). 

6.3.10.6. Effect of salinity: The effect of salinity on the bacterial removal is presented in 

Fig. 6.10 (F). As observed from the figure, with the increasing salinity, the removal of the 

pollutant decreased significantly. The highest removal was found in the case of 

Pseudomonas sp., with the value of 93.12%. Zhang et al. (2014) reported that with the 

increasing salinity, osmotic stress also increased, disrupting cells. Ion toxicity and 

metabolic disruption are also responsible for the inhibition of bacterial growth (Rath et 

al., 2018). 
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6.3.10.7. Analysis of naphthalene bioremediation by the Monod model: Table 6.3 

shows the results of naphthalene bioremediation analysis by the Monod model. From the 

data, it was observed that Pseudomonas sp. has the best substrate affinity among all the 

aerogels, and B. anthracis shows the fastest growth rate in naphthalene solution. This 

result signifies that the application of Pseudomonas sp. is optimal at lower concentrations 

of naphthalene. Similar results were reported in previous studies (Oberoi et al., 2015; 

Mahapatra and Phale, 2021). Also, B. anthracis is found to excel in high-pollution 

scenarios.  

Table 6.3: The Monod modelling of naphthalene removal by bacteria 

Figure 6.10: Effect of (A) treatment time, (B) microbial dose, (C) pollutant concentration, (D) temperature, (E) 
pH, and (F) salinity on bioremediation of naphthalene by bacteria 
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Pollutant Bacteria μmax Ks 

Naphthalene Bacillus sp. 0.003371 5.28 

Lysinibacillus sp. 0.0034 3.73 

Pseudomonas sp. 0.002254 3.44 

B. anthracis 0.005129 6.11 

 

6.3.11. Removal of phenol by bacteria: The bioremediation of phenol by all four 

selected bacteria, viz., Bacillus sp., Lysinibacillus sp., Pseudomonas sp., and B. anthracis, 

was studied. Different parameters were varied to understand their effect on the removal. 

6.3.11.1. Effect of treatment time: The effect of contact time on the bioremediation of 

phenol is shown in Fig. 6.11 (A). As represented in the figure, the removal of phenol 

increased with time, and the highest removal achieved in this study was 84.19% by 

Pseudomonas sp. after 5 days of treatment, while the other parameters were constant (pH 

7, dose 1 mL/100 mL, concentration 5mg/L, and temperature at 303 K). For comparison, 

under the same conditions, Bacillus sp., Lysinibacillus sp., and B. anthracis showed 

83.68%, 83.14%, and 81.82% of removal, respectively. After 5 days of treatment, no 

significant change was observed in the concentration of the pollutant, indicating that the 

equilibrium was achieved. A previous study showed that pollutant removal by bacteria 

reached up to 94% (Mahapatra and Phale, 2021). This observation can be explained by 

considering the metabolism of bacteria and the interaction time of the bacteria with 

pollutant molecules (Abd El-Rahim et al., 2009). Before achieving the equilibrium, a 

growth in bacterial culture was observed, which contributed to the significant removal of 

the contaminant. 

6.3.11.2. Effect of microbial dose: The dosage of bacteria is a crucial parameter and 

affects the removal process significantly. This study considered four different dosages of 

bacteria, viz., 0.5 mL/100 mL, 1 mL/100 mL, 2 mL/100 mL, and 3 mL/100 mL, 

respectively. The effect of bacterial dose on the removal of pollutant is shown in Fig. 6.11 

(B). As represented in the figure, with the increasing dose, the removal also increased till 

2 mL/ 100mL, and after that, a decline was observed. Higher microbial dosage provides 

more microbial mass and metabolic activity, which results in higher removal (Santini et 
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al., 2016); however, after a certain point, the increasing dose causes resource scarcity and 

an increase in concentration. Therefore, an opposite effect also occurred in the removal 

of the pollutant (Liu et al., 1993). In this study, the highest removal was achieved by 

Pseudomonas sp., at 2 mL/ 100 mL dose, and the value was 96.12%. 

6.3.11.3. Effect of pollutant concentration: Initial pollutant concentration is one of the 

key parameters to affect the adsorption process. The pollutant concentration has a 

significant role in the growth of the bacteria, interaction rate between contaminant 

molecules and bacterial intake sites (Sayara et al., 2010). The initial concentration of the 

solute acts as a driving force of the bioremediation process, favouring diffusion and mass 

transfer from the solution. In such water treatment systems, after the threshold limit, 

further increasing of substrate concentration may lead to saturation effects (Nocentini et 

al., 2000).  In this study, five pollutant concentrations, viz., 1 mg/L, 3 mg/L 5 mg/L, 7 

mg/L, and 10 mg/L, respectively, were considered. As shown in Fig. 6.11 (C), the 

maximum removal of phenol was observed in the case of Bacillus sp., at 5 mg/L 

concentration. The removal was 85.09%. The least removal was observed in the case of 

Lysinibacillus sp., at the concentration of 10 mg/L. The value of pollutant removal found 

in this study was 24.59%. At higher concentrations, the pollutants lead to toxicity and 

reduce the removal (Sharma and Indu, 2020). 

6.3.11.4. Effect of temperature: Temperature is an important physiological parameter to 

influences the removal process of a pollutant, as this parameter has an important effect 

on microbial growth. In most cases, higher temperatures enhance the removal of 

pollutants, but at extreme temperatures, the growth of microbes is reduced (Iqbal et al., 

2007). It was observed that for every microbe, there is an optimum temperature, and at 

that temperature, the microbial activity is the maximum (Sanscartier et al., 2011). Topp 

et al. (1997) reported that most of the microbes show optimum temperature at a range of 

298 K- 313 K. Fig. 6.11 (D) represents the effect of temperature on the removal of phenol 

by microorganisms. For this study, a total of three temperatures, viz., 298 K, 303 K, and 

313 K, were considered respectively. The highest removal was found in the case of 

Bacillus sp., at 303 K temperature with the value of 85.86% removal. For the same 

bacteria, the removal at 298 K was 15.67%.  

6.3.11.5. Effect of pH: pH is an important parameter of the bioremediation process. pH 

affects the process in various ways, viz., the chemistry of pollutants, the coexisting ions 
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of the solution, and the ionic balance of microorganisms. pH also affects the adsorption 

mechanism and degree of ionisation. The effect of pH on the bioremediation of phenol is 

shown in Fig. 6.11 (E). For this study, six different pH values, viz., 2,4,6,7,8, and 10, 

were considered respectively. From the figure, it can be stated that for each bacterium, 

the maximum removal was observed at pH 7. The highest removal of naphthalene was 

found to be 83.21% in the case of Pseudomonas sp. This observation can be explained 

by the enzymatic activity of bacteria. At extreme pH, denaturation of bacterial enzymes 

can occur, significantly decreasing the removal efficiency (Megharaj et al., 2011). 

6.3.11.6. Effect of salinity: The effect of salinity on the bacterial removal is presented in 

Fig. 6.11 (F). As observed from the figure, with the increasing salinity, the removal of the 

pollutant decreased significantly. The highest removal was found in the case of Bacillus 

sp., with the value of 85.28%. Zhang et al. (2014) reported that with the increasing 

salinity, osmotic stress also increased, disrupting cells. Ion toxicity and metabolic 

disruption are also responsible for the inhibition of bacterial growth (Rath et al., 2018). 
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6.3.11.7. Analysis of phenol bioremediation by the Monod model: Table 6.4 shows the 

results of naphthalene bioremediation analysis by the Monod model. From the data, it 

was observed that Pseudomonas sp. has the best substrate affinity among all the aerogels, 

and Lysinibacillus sp. shows the fastest growth rate in naphthalene solution. This result 

signifies that the application of Pseudomonas sp. is optimal at lower concentrations of 

naphthalene. Similar results were reported in previous studies (Oberoi et al., 2015; 

Mahapatra and Phale, 2021). Also, Lysinibacillus sp. is found to excel in high-pollution 

scenarios.  

Table 6.4: The Monod modelling of phenol removal by bacteria 

Pollutant Bacteria μmax Ks 

Figure 6.11: Effect of (A) treatment time, (B) microbial dose, (C) pollutant concentration, (D) temperature, (E) 
pH, and (F) salinity on bioremediation of phenol by bacteria 
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Phenol Bacillus sp. 0.004261 5.28 

Lysinibacillus sp. 0.00573 6.27 

Pseudomonas sp. 0.003854 6.94 

B. anthracis 0.005117 4.27 

 

6.3.12. Removal of acenaphthene by bacteria: The bioremediation of acenaphthene by 

all four selected bacteria, viz., Bacillus sp., Lysinibacillus sp., Pseudomonas sp., and B. 

anthracis, was studied. Different parameters were varied to understand their effect on the 

removal. 

6.3.12.1. Effect of treatment time: The effect of contact time on the bioremediation of 

acenaphthene is shown in Fig. 6.12 (A). As represented in the figure, the removal of 

acenaphthene increased with time, and the highest removal achieved in this study was 

74.18% by Lysinibacillus sp. after 5 days of treatment, while the other parameters were 

constant (pH 7, dose 1 mL/100 mL, concentration 5mg/L, and temperature at 303 K). For 

comparison, under the same conditions, Bacillus sp., Pseudomonas sp., and B. anthracis 

showed 64.68%, 74.14%, and 48.82% of removal, respectively. After 5 days of treatment, 

no significant change was observed in the concentration of the pollutant, indicating that 

the equilibrium was achieved. A previous study showed that pollutant removal by bacteria 

reached up to 94% (Mahapatra and Phale, 2021). This observation can be explained by 

considering the metabolism of bacteria and the interaction time of the bacteria with 

pollutant molecules (Abd El-Rahim et al., 2009). Before achieving the equilibrium, a 

growth in bacterial culture was observed, which contributed to the significant removal of 

the contaminant. 

6.3.12.2. Effect of microbial dose: The dosage of bacteria is a crucial parameter and 

affects the removal process significantly. This study considered four different dosages of 

bacteria, viz., 0.5 mL/100 mL, 1 mL/100 mL, 2 mL/100 mL, and 3 mL/100 mL, 

respectively. The effect of bacterial dose on the removal of pollutant is shown in Fig. 6.12 

(B). As represented in the figure, with the increasing dose, the removal also increased till 

2 mL/ 100mL, and after that, a decline was observed. Higher microbial dosage provides 

more microbial mass and metabolic activity, which results in higher removal (Santini et 

al., 2016); however, after a certain point, the increasing dose causes resource scarcity and 
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an increase in concentration. Therefore, an opposite effect also occurred in the removal 

of the pollutant (Liu et al., 1993). In this study, the highest removal was achieved by 

Pseudomonas sp., at 2 mL/ 100 mL dose, and the value was 98.06%. 

6.3.12.3. Effect of pollutant concentration: Initial pollutant concentration is one of the 

key parameters to affect the adsorption process. The pollutant concentration has a 

significant role in the growth of the bacteria, interaction rate between contaminant 

molecules and bacterial intake sites (Sayara et al., 2010). The initial concentration of the 

solute acts as a driving force of the bioremediation process, favouring diffusion and mass 

transfer from the solution. In such water treatment systems, after the threshold limit, 

further increasing of substrate concentration may lead to saturation effects (Nocentini et 

al., 2000).  In this study, five pollutant concentrations, viz., 1 mg/L, 3 mg/L, 5 mg/L, 7 

mg/L, and 10 mg/L, respectively, were considered. As shown in Fig. 6.12 (C), the 

maximum removal of phenol was observed in the case of Lysinibacillus sp., at a 5 mg/L 

concentration. The removal was 74.09%. The least removal was observed also in the case 

of Lysinibacillus sp., at the concentration of 10 mg/L. The value of pollutant removal 

found in this study was 23.59%. At higher concentrations, the pollutants lead to toxicity 

and reduce the removal (Sharma and Indu, 2020). 

6.3.12.4. Effect of temperature: Temperature is an important physiological parameter 

to influences the removal process of a pollutant, as this parameter has an important effect 

on microbial growth. In most cases, higher temperatures enhance the removal of 

pollutants, but at extreme temperatures, the growth of microbes is reduced (Iqbal et al., 

2007). It was observed that for every microbe, there is an optimum temperature, and at 

that temperature, the microbial activity is the maximum (Sanscartier et al., 2011). Topp 

et al. (1997) reported that most of the microbes show optimum temperature at a range of 

298 K- 313 K. Fig. 6.12 (D) represents the effect of temperature on the removal of 

acenaphthene by microorganisms. For this study, a total of three temperatures, viz., 298 

K, 303 K, and 313 K were considered respectively. The highest removal was found in the 

case of Lysinibacillus sp., at 303 K temperature with the value of 84.11% removal. For 

the same bacteria, the removal at 298 K was 45.65%.  

6.3.12.5. Effect of pH: pH is an important parameter of the bioremediation process. pH 

affects the process in various ways, viz., the chemistry of pollutants, the coexisting ions 

of the solution, and the ionic balance of microorganisms. pH also affects the adsorption 
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mechanism and degree of ionisation. The effect of pH on the bioremediation of phenol is 

shown in Fig. 6.12 (E). For this study, six different pH values, viz., 2,4,6,7,8, and 10, 

were considered respectively. From the figure, it can be stated that for each bacterium, 

the maximum removal was observed at pH 7. The highest removal of naphthalene was 

found to be 69.21% in the case of Bacillus sp. This observation can be explained by the 

enzymatic activity of bacteria. At extreme pH, denaturation of bacterial enzymes can 

occur, significantly decreasing the removal efficiency (Megharaj et al., 2011). 

6.3.12.6. Effect of salinity: The effect of salinity on the bacterial removal is presented in 

Fig. 6.12 (F). As observed from the figure, with the increasing salinity, the removal of the 

pollutant decreased significantly. The highest removal was found in the case of 

Lysinibacillus sp., with the value of 74.18%. Zhang et al. (2014) reported that with the 

increasing salinity, osmotic stress also increased, disrupting cells. Ion toxicity and 

metabolic disruption are also responsible for the inhibition of bacterial growth (Rath et 

al., 2018). 
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6.3.12.7. Analysis of acenaphthene bioremediation by the Monod model: Table 6.5 

shows the results of naphthalene bioremediation analysis by the Monod model. From the 

data, it was observed that Lysinibacillus sp. has the best substrate affinity among all the 

aerogels, and B. anthracis shows the fastest growth rate in naphthalene solution. This 

result signifies that the application of Lysinibacillus sp. is optimal at lower concentrations 

of naphthalene. Similar results were reported in previous studies (Oberoi et al., 2015; 

Mahapatra and Phale, 2021). Also, B. anthracis is found to excel in high-pollution 

scenarios. 

Table 6.5: The Monod modelling of acenaphthene removal by bacteria 

Pollutant Bacteria μmax Ks 

Figure 6.12: Effect of (A) treatment time, (B) microbial dose, (C) pollutant concentration, (D) temperature, (E) 
pH, and (F) salinity on bioremediation of acenaphthene by bacteria 
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Acenaphthene Bacillus sp. 0.003251 3.28 

Lysinibacillus sp. 0.00274 6.53 

Pseudomonas sp. 0.003554 5.14 

B. anthracis 0.005219 6.25 

 

6.3.13. Removal of pollutants by Bacteria-doped aerogel: From the previous 

bioremediation studies, three bacteria, viz., Bacillus sp., Pseudomonas sp., and B. 

anthracis, were selected to be doped in the aerogel network. Using the bacteria-doped 

aerogel for pollutant removal results in two processes, viz., adsorption and 

bioremediation simultaneously. As shown in Fig. 6.13, in the initial stage of the removal, 

due to the high availability of surface area, a rapid uptake of pollutants occurs. this high 

concentration of pollutants stimulates the bacteria to grow and provide more nutrients. 

As the growth occurred, bioremediation took place to permanently degrade the pollutants, 

making this process sustainable and fast. 

 

 

Figure 6.13: Mechanisms of pollutant removal by bacteria-doped aerogel 



158 
 

6.3.13.1. Removal of naphthalene: The removal of naphthalene by the bacteria-doped 

aerogel was investigated by a batch study; the parameters were varied to investigate their 

effect on the removal process. 

6.3.13.1.1. Effect of treatment time: The effect of treatment time on pollutant removal 

is presented in Fig. 6.14. Fig. 6.14 (A), (B), (C), (D), (E), and (F) show the pollutant 

removal by bacteria doped PVA, PVA-RHBC, PVA-RHC, PVA-SDBC, PVA-SDC, and 

PVA-Si, respectively. From the result, it can be stated that PVA-Si-Bacillus sp. showed 

the highest removal with the value of 97.39% after five days of treatment. For the figure, 

it was observed that the equilibrium was achieved after 35 hr. of treatment. A previous 

study showed that for PVA-Si aerogel, the naphthalene removal reached up to 70.5% 

(Ghosh et al., 2024). This observation can be explained by considering the available 

surface area on the adsorbent surface and the interaction time of the adsorbent with 

adsorbate molecules. Before achieving the adsorption equilibrium, a large surface area 

and many pores on the adsorbent surface were available that contributed to the significant 

removal of the contaminant. But after a certain time, the active sites on the aerogel surface 

eventually got saturated, which ceased the rapid increase of the removal% (Gao et al., 

2019). Another study showed that pollutant removal by bacteria reached up to 94% 

(Mahapatra and Phale, 2021). This observation can be explained by considering the 

metabolism of bacteria and the interaction time of the bacteria with pollutant molecules 

(Abd El-Rahim et al., 2009). Before achieving the equilibrium, a growth in bacterial 

culture was observed, which contributed to the significant removal of the contaminant. 
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6.3.13.1.2. Effect of adsorbent dose: As presented in Fig. 6.15, the adsorbent dose has 

a significant effect on the pollutant removal by bacteria-doped aerogel. Fig. 6.15 (A), (B), 

(C), (D), (E), and (F) show the pollutant removal by bacteria doped PVA, PVA-RHBC, 

PVA-RHC, PVA-SDBC, PVA-SDC, and PVA-Si, respectively. From the experimental 

data it was shown that PVA-Si-Bacillus sp. showed the highest removal with the value of 

97.39% after five days of treatment with 1 g/L dosage. With the increase of dose, initially 

the the removal increased and then slightly decreased, signifying the dominance of 

bioremediation over adsorption phenomena in this process. This observation can be 

explained as the higher microbial dosage provides more microbial mass and metabolic 

activity, which results in higher removal (Santini et al., 2016); however, after a certain 

point, the increasing dose causes resource scarcity and an increase in concentration. 

Figure 6.14: Effect of treatment time on naphthalene removal by bacteria doped (A) PVA, (B) PVA-RHBC, (C) 
PVA-RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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Therefore, an opposite effect also occurred in the removal of the pollutant (Liu et al., 

1993). 

 

6.3.13.1.3. Effect of pollutant concentration: In Fig. 6.16, the effect of pollutant 

concentration on the pollutant removal is shown. Fig. 6.16 (A), (B), (C), (D), (E), and (F) 

show the pollutant removal by bacteria doped PVA, PVA-RHBC, PVA-RHC, PVA-

SDBC, PVA-SDC, and PVA-Si, respectively. As shown in the figure, with the increase of 

pollutant concentration, the removal percentage also increased. The highest removal was 

observed in the case of PVA-B. anthracis aerogel at a 10 mg/L dosage. The removal was 

96.55%. This observation can be explained by the saturation of adsorption sites on the 

adsorbent surface. At low pollutant concentration, the active site and contaminant 

Figure 6.15: Effect of adsorbent dose on naphthalene removal by bacteria doped (A) PVA, (B) PVA-RHBC, 
(C) PVA-RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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molecule’s ratio is larger, allowing the molecules to rapidly interact with the active site 

and to be removed from the solution. As the concentration increased, the trend slowed 

down due to the increased competition (de Farias Silva and da Gama, 2020). However, 

unlike bioremediation, in this process, higher concentrations did not affect the process 

adversely. The probable cause of that can be explained as, though the aerogels increased 

the concentration of pollutants in some zones of the solution by adsorption, the 

microorganisms were not forced to consume all the pollutants due to the associated 

desorption process. This adsorption-desorption cycle maintained a balanced 

concentration and prevented the inhibition of microbial growth. 

 

6.3.13.1.4. Effect of temperature: The effect of temperature on the pollutant removal by 

bacteria-doped aerogel is presented in Fig. 6.17. Fig. 6.17 (A), (B), (C), (D), (E), and (F) 

Figure 6.16: Effect of pollutant concentration on naphthalene removal by bacteria doped (A) PVA, (B) PVA-
RHBC, (C) PVA-RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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show the pollutant removal by bacteria doped PVA, PVA-RHBC, PVA-RHC, PVA-

SDBC, PVA-SDC, and PVA-Si, respectively. From the figure, it was shown that the 

optimal removal for all the adsorbents was found at 303 K temperature, signifying the 

dominance of microbial bioremediation over the adsorption process. In this experiment, 

the highest removal was found in the case of PVA-Si-Bacillus sp. aerogel at 303 K 

temperature with the value of 97.39%. This trend can be explained as temperature is an 

important factor in bioremediation. In most cases, higher temperatures enhance the 

removal of pollutants, but at extreme temperatures, the growth of microbes is reduced 

(Iqbal et al., 2007). It was observed that for every microbe, there is an optimum 

temperature, and at that temperature, the microbial activity is the maximum (Sanscartier 

et al., 2011). Topp et al. (1997) reported that most of the microbes show optimum 

temperature at a range of 298 K- 303 K. 
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6.3.13.1.5. Effect of pH: The effect of pH on the removal process also shows a similar 

trend to bioremediation. Fig. 6.18 represents the effect of pH on the removal process. 

6.18 (A), (B), (C), (D), (E), and (F) show the pollutant removal by bacteria doped PVA, 

PVA-RHBC, PVA-RHC, PVA-SDBC, PVA-SDC, and PVA-Si, respectively. PVA-Si-

Bacillus sp. has shown the highest removal among all the adsorbents and pH, with the 

value of 97.85% at pH 7. This observation can be explained by considering the effect of 

pH on microbial cells. pH affects the process in various ways, viz., the chemistry of 

pollutants, the coexisting ions of the solution, and the ionic balance of microorganisms. 

pH also affects the adsorption mechanism and degree of ionisation. 

 

Figure 6.17: Effect of temperature on naphthalene removal by bacteria doped (A) PVA, (B) PVA-RHBC, (C) 
PVA-RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 



164 
 

6.3.13.1.6. Optimisation of removal: To optimise the naphthalene adsorption process, a 

Response Surface Methodology (RSM) study was performed (Aydar, 2018). A quadratic 

equation, presented as equation (6.3), was used to analyse and validate the experimental 

design. From the batch adsorption study, PVA-Si-Bacillus sp. was selected as the most 

suitable adsorbent for the process, and the RSM study was conducted with that adsorbent 

only. 

R =  84.29 + 37.94 ∗ A + 2.27 ∗ B − 2.69 ∗ C − 1.46 ∗ AB + 1.43 ∗ AC + 0.10 ∗

BC − 24.69 ∗ 𝐴ଶ − 5.66 ∗ 𝐵ଶ − 3.37 ∗ 𝐶ଶ…………………… (6.3) 

Here, A, B, C, and R are reaction time (min), adsorbent dose (g/L), pollutant 

concentration (mg/L), and removal%, respectively.  

6.3.13.1.6.1. Validation of the model: From the ANOVA analysis, it was observed that 

this model is significant with a P-value of 0.0001 (<0.05) and an F-value of 154.40 (>12). 

The correlation coefficient (R2) value of the mentioned model was 0.99. The R2 value 

also indicates that the predicted and observed data of this experiment are in reasonable 

agreement, indicating the significance of the model. Fig. 6.19 (A) shows the distribution 

of predicted and experimental values satisfying the validity of this model. 

6.3.13.1.6.2. Response of time and adsorbent dosage: The response of time and 

adsorbent dosage is presented in Fig. 6.19 (B). The graph shows that the optimum 

removal% was observed at 1 g/ /L adsorbent dosage after 35 hr. of adsorption. The 

maximum pollutant removal under these conditions was found to be 97.42%.  

6.3.13.1.6.3. Response of adsorbent dosage and pollutant concentration: In Fig. 6.19 

(C), the response of adsorbent dosage and pollutant concentration is presented. From the 

figure, it can be stated that at the adsorbent dose of 1 g/L and 5 mg/L pollutant 

concentration, the optimum removal was achieved. The optimum removal in these 

conditions was 92.26%.  

6.3.13.1.6.4. Response of pollutant concentration and time: The crosstalk between 

pollutant concentration and treatment time is represented in Fig. 6.19 (D). From the 

figure, it was observed that at a treatment time of 35 hr. and a 5 mg/L pollutant 

concentration, the highest removal was achieved. The optimum removal in this 

experiment was 98.2%. 

Figure 6.18: Effect of pH on naphthalene removal by bacteria doped (A) PVA, (B) PVA-RHBC, (C) PVA-RHC, 
(D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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6.3.13.1.7. GC-MS analysis of pollutant solution after treatment: Fig. 6.20 shows the 

result of GC-MS analysis of pollutant solution after treatment. Being the most effective 

adsorbent, PVA-Si-Bacillus was used to treat the solution for GC-MS analysis. As shown 

in the figure, major peaks at 4.37 min., 4.58 min., 6.07 min., 8.62 min., and 11.25 min. 

are detected respectively. The peaks were identified using the MS library and are 

presented in Table 6.6. 

Figure 6.19: Optimisation of naphthalene removal by PVA-Si-Bacillus sp. aerogel using Response Surface 
Methodology, representing (A) comparison of actual and predicted results, (B) response of time and aerogel 

dose, (C) response of aerogel dose and pollutant concentration, (D) response of time and pollutant 
concentration. 
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Table 6.6: GC-MS analysis of naphthalene by PVA-Si-Bacillus sp. aerogel 

Peak retention time 

(min.) 

Compound 

4.37 1,3-dimethyl benzene 

4.58 O-Xylene 

6.07 Dodecane 

8.62 3,3-dimethyl-hexane 

11.25 Decyl 2-ethylhexyl ester 

 

6.3.13.2. Removal of phenol: The removal of phenol by the bacteria-doped aerogel was 

investigated by a batch study; the parameters were varied to investigate their effect on 

the removal process. 

6.3.13.2.1. Effect of treatment time: The effect of treatment time on pollutant removal 

is presented in Fig. 6.21. Fig. 6.21 (A), (B), (C), (D), (E), and (F) show the pollutant 

removal by bacteria doped PVA, PVA-RHBC, PVA-RHC, PVA-SDBC, PVA-SDC, and 

PVA-Si, respectively. From the result, it can be stated that PVA-Si-Bacillus sp. showed 

the highest removal with the value of 97.29% after five days of treatment. For the figure, 

Figure 6.20: GC-MS analysis of naphthalene solution after treatment with PVA-Si-Bacillus sp. aerogel 
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it was observed that the equilibrium was achieved after 35 hr. of treatment. A previous 

study showed that for PVA-Si aerogel, the naphthalene removal reached up to 70.5% 

(Ghosh et al., 2024). This observation can be explained by considering the available 

surface area on the adsorbent surface and the interaction time of the adsorbent with 

adsorbate molecules. Before achieving the adsorption equilibrium, a large surface area 

and many pores on the adsorbent surface were available that contributed to the significant 

removal of the contaminant. But after a certain time, the active sites on the aerogel surface 

eventually got saturated, which ceased the rapid increase of the removal% (Gao et al., 

2019). Another study showed that pollutant removal by bacteria reached up to 94% 

(Mahapatra and Phale, 2021). This observation can be explained by considering the 

metabolism of bacteria and the interaction time of the bacteria with pollutant molecules 

(Abd El-Rahim et al., 2009). Before achieving the equilibrium, a growth in bacterial 

culture was observed, which contributed to the significant removal of the contaminant. 
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6.3.13.2.2. Effect of adsorbent dose: As presented in Fig. 6.22, the adsorbent dose has 

a significant effect on the pollutant removal by bacteria-doped aerogel. Fig. 6.22 (A), (B), 

(C), (D), (E), and (F) show the pollutant removal by bacteria doped PVA, PVA-RHBC, 

PVA-RHC, PVA-SDBC, PVA-SDC, and PVA-Si, respectively. From the experimental 

data, it was shown that PVA-Si-Bacillus sp. showed the highest removal with the value 

of 96.39% after five days of treatment with a 1 g/L dosage. With the increase of dose, 

initially the removal increased and then slightly decreased, signifying the dominance of 

bioremediation over adsorption phenomena in this process. This observation can be 

explained as the higher microbial dosage provides more microbial mass and metabolic 

activity, which results in higher removal (Santini et al., 2016); however, after a certain 

point, the increasing dose causes resource scarcity and an increase in concentration. 

Therefore, an opposite effect also occurred in the removal of the pollutant (Liu et al., 

1993). 

Figure 6.21: Effect of treatment time on phenol removal by bacteria doped (A) PVA, (B) PVA-RHBC, (C) 
PVA-RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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6.3.13.2.3. Effect of pollutant concentration: In Fig. 6.23, the effect of pollutant 

concentration on the pollutant removal is shown. Fig. 6.23 (A), (B), (C), (D), (E), and (F) 

show the pollutant removal by bacteria doped PVA, PVA-RHBC, PVA-RHC, PVA-

SDBC, PVA-SDC, and PVA-Si, respectively. As shown in the figure, with the increase of 

pollutant concentration, the removal percentage also increased. The highest removal was 

observed in the case of PVA-B. anthracis aerogel at a 10 mg/L dosage. The removal was 

97.55%. This observation can be explained by the saturation of adsorption sites on the 

adsorbent surface. At low pollutant concentration, the active site and contaminant 

molecule’s ratio is larger, allowing the molecules to rapidly interact with the active site 

and to be removed from the solution. As the concentration increased, the trend slowed 

down due to the increased competition (de Farias Silva and da Gama, 2020). However, 

Figure 6.22: Effect of adsorbent dosage on phenol removal by bacteria doped (A) PVA, (B) PVA-RHBC, (C) 
PVA-RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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unlike bioremediation, in this process, higher concentrations did not affect the process 

adversely. The probable cause of that can be explained as, though the aerogels increased 

the concentration of pollutants in some zones of the solution by adsorption, the 

microorganisms were not forced to consume all the pollutants due to the associated 

desorption process. This adsorption-desorption cycle maintained a balanced 

concentration and prevented the inhibition of microbial growth. 

 

6.3.13.2.4. Effect of temperature: The effect of temperature on the pollutant removal by 

bacteria-doped aerogel is presented in Fig. 6.24. Fig. 6.24 (A), (B), (C), (D), (E), and (F) 

show the pollutant removal by bacteria doped PVA, PVA-RHBC, PVA-RHC, PVA-

SDBC, PVA-SDC, and PVA-Si, respectively. From the figure, it was shown that the 

optimal removal for all the adsorbents was found at 303 K temperature, signifying the 

Figure 6.23: Effect of pollutant concentration on phenol removal by bacteria doped (A) PVA, (B) PVA-RHBC, 
(C) PVA-RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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dominance of microbial bioremediation over the adsorption process. In this experiment, 

the highest removal was found in the case of PVA-Si-Bacillus sp. aerogel at 303 K 

temperature with the value of 97.39%. This trend can be explained as temperature is an 

important factor in bioremediation. In most cases, higher temperatures enhance the 

removal of pollutants, but at extreme temperatures, the growth of microbes is reduced 

(Iqbal et al., 2007). It was observed that for every microbe, there is an optimum 

temperature, and at that temperature, the microbial activity is the maximum (Sanscartier 

et al., 2011). Topp et al. (1997) reported that most of the microbes show optimum 

temperature at a range of 298 K- 313 K. 

 

Figure 6.24: Effect of temperature on phenol removal by bacteria doped (A) PVA, (B) PVA-RHBC, (C) PVA-
RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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6.3.13.2.5. Effect of pH: The effect of pH on the removal process also shows a similar 

trend to bioremediation. Fig. 6.25 represents the effect of pH on the removal process. 

6.25 (A), (B), (C), (D), (E), and (F) show the pollutant removal by bacteria doped PVA, 

PVA-RHBC, PVA-RHC, PVA-SDBC, PVA-SDC, and PVA-Si, respectively. PVA-Si-

Bacillus sp. has shown the highest removal among all the adsorbents and pH, with the 

value of 97.85% at pH 7. This observation can be explained by considering the effect of 

pH on microbial cells. pH affects the process in various ways, viz., the chemistry of 

pollutants, the coexisting ions of the solution, and the ionic balance of microorganisms. 

pH also affects the adsorption mechanism and degree of ionisation. 

 
Figure 6.25: Effect of pH on phenol removal by bacteria doped (A) PVA, (B) PVA-RHBC, (C) PVA-RHC, (D) 

PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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6.3.13.2.6. Optimisation of removal: To optimise the phenol adsorption process, a 

Response Surface Methodology (RSM) study was performed (Aydar, 2018). A quadratic 

equation, presented as equation (6.4), was used to analyse and validate the experimental 

design. From the batch adsorption study, PVA-Si-Bacillus sp. was selected as the most 

suitable adsorbent for the process, and the RSM study was conducted with that adsorbent 

only. 

R =  74.29 + 41.32 ∗ A + 0.93 ∗ B − 3.81 ∗ C − 2.39 ∗ AB − 2.99 ∗ AC − 2.90 ∗

BC − 28.18 ∗ 𝐴ଶ + 6.50 ∗ 𝐵ଶ + 3.32 ∗ 𝐶ଶ…………………… (6.4) 

Here, A, B, C, and R are reaction time (min), adsorbent dose (g/L), pollutant 

concentration (mg/L), and removal%, respectively.  

6.3.13.2.6.1. Validation of the model: From the ANOVA analysis, it was observed that 

this model is significant with a P-value of 0.001 (<0.05) and an F-value of 25.95 (>12). 

The correlation coefficient (R2) value of the mentioned model was 0.97. The R2 value 

also indicates that the predicted and observed data of this experiment are in reasonable 

agreement, indicating the significance of the model. Fig. 6.26 (A) shows the distribution 

of predicted and experimental values satisfying the validity of this model. 

6.3.13.2.6.2. Response of time and adsorbent dosage: The response of time and 

adsorbent dosage is presented in Fig. 6.26 (B). The graph shows that the optimum 

removal% was observed at 1 g/ /L adsorbent dosage after 35 hr. of adsorption. The 

maximum pollutant removal under these conditions was found to be 96.42%.  

6.3.13.2.6.3. Response of adsorbent dosage and pollutant concentration: In Fig. 6.26 

(C), the response of adsorbent dosage and pollutant concentration is presented. From the 

figure, it can be stated that at the adsorbent dose of 1 g/L and 5 mg/L pollutant 

concentration, the optimum removal was achieved. The optimum removal in these 

conditions was 95.26%.  

6.3.13.2.6.4. Response of pollutant concentration and time: The crosstalk between 

pollutant concentration and treatment time is represented in Fig. 6.26 (D). From the 

figure, it was observed that at a treatment time of 35 hr. and a 5 mg/L pollutant 

concentration, the highest removal was achieved. The optimum removal in this 

experiment was 97.82%. 
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6.3.13.2.7. GC-MS analysis of pollutant solution after treatment: Fig. 6.27 shows the 

result of GC-MS analysis of pollutant solution after treatment. Being the most effective 

adsorbent, PVA-Si-Bacillus was used to treat the solution for GC-MS analysis. As shown 

in the figure, major peaks at 4.41 min., 4.60 min., 6.09 min., 11.26 min., and 14.12 min. 

are detected respectively. The peaks were identified using the MS library and are 

presented in Table 6.7. 

Figure 6.26: Optimisation of phenol removal by PVA-Si-Bacillus sp. aerogel using Response Surface 
Methodology, representing (A) comparison of actual and predicted results, (B) response of time and aerogel 

dose, (C) response of aerogel dose and pollutant concentration, (D) response of time and pollutant 
concentration. 
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Table 6.7: GC-MS analysis of phenol by PVA-Si-Bacillus sp. aerogel 

Peak retention time 

(min.) 

Compound 

4.41 Ethylbenzene 

4.60 2,4-Octadiyne 

6.09 3,3-dimethylhexane 

11.26 1-iodo-tridecane 

14.12 2-methyl-eicosane 

 

6.3.13.3. Removal of acenaphthene: The removal of acenaphthene by the bacteria-

doped aerogel was investigated by a batch study; the parameters were varied to 

investigate their effect on the removal process. 

6.3.13.3.1. Effect of treatment time: The effect of treatment time on pollutant removal 

is presented in Fig. 6.28. Fig. 6.28 (A), (B), (C), (D), (E), and (F) show the pollutant 

removal by bacteria doped PVA, PVA-RHBC, PVA-RHC, PVA-SDBC, PVA-SDC, and 

PVA-Si, respectively. From the result, it can be stated that PVA-Si-Bacillus sp. showed 

the highest removal with the value of 93.95% after five days of treatment. From the 

Figure 6.27: GC-MS analysis of phenol solution after treatment with PVA-Si-Bacillus sp. aerogel 
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figure, it was observed that the equilibrium was achieved after 35 hr. of treatment. A 

previous study showed that for PVA-Si aerogel, the pollutant removal reached up to 

70.5% (Ghosh et al., 2024). This observation can be explained by considering the 

available surface area on the adsorbent surface and the interaction time of the adsorbent 

with adsorbate molecules. Before achieving the adsorption equilibrium, a large surface 

area and many pores on the adsorbent surface were available that contributed to the 

significant removal of the contaminant. But after a certain time, the active sites on the 

aerogel surface eventually got saturated, which ceased the rapid increase of the removal% 

(Gao et al., 2019). Another study showed that pollutant removal by bacteria reached up 

to 94% (Mahapatra and Phale, 2021). This observation can be explained by considering 

the metabolism of bacteria and the interaction time of the bacteria with pollutant 

molecules (Abd El-Rahim et al., 2009). Before achieving the equilibrium, a growth in 

bacterial culture was observed, which contributed to the significant removal of the 

contaminant. 
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6.3.13.3.2. Effect of adsorbent dose: As presented in Fig. 6.29, the adsorbent dose has 

a significant effect on the pollutant removal by bacteria-doped aerogel. Fig. 6.29 (A), (B), 

(C), (D), (E), and (F) show the pollutant removal by bacteria doped PVA, PVA-RHBC, 

PVA-RHC, PVA-SDBC, PVA-SDC, and PVA-Si, respectively. From the experimental 

data, it was shown that PVA-Si-Bacillus sp. showed the highest removal with the value 

of 97.02% after five days of treatment with a 1 g/L dosage. With the increase of dose, 

initially the removal increased and then slightly decreased, signifying the dominance of 

bioremediation over adsorption phenomena in this process. This observation can be 

explained as the higher microbial dosage provides more microbial mass and metabolic 

activity, which results in higher removal (Santini et al., 2016); however, after a certain 

point, the increasing dose causes resource scarcity and an increase in concentration. 

Figure 6.28: Effect of treatment time on acenaphthene removal by bacteria doped (A) PVA, (B) PVA-RHBC, 
(C) PVA-RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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Therefore, an opposite effect also occurred in the removal of the pollutant (Liu et al., 

1993). 

 

6.3.13.3.3. Effect of pollutant concentration: In Fig. 6.30, the effect of pollutant 

concentration on the pollutant removal is shown. Fig. 6.30 (A), (B), (C), (D), (E), and (F) 

show the pollutant removal by bacteria doped PVA, PVA-RHBC, PVA-RHC, PVA-

SDBC, PVA-SDC, and PVA-Si, respectively. As shown in the figure, with the increase of 

pollutant concentration, the removal percentage also increased. The highest removal was 

observed in the case of PVA-B. anthracis aerogel at a 10 mg/L dosage. The removal was 

96.55%. This observation can be explained by the saturation of adsorption sites on the 

adsorbent surface. At low pollutant concentration, the active site and contaminant 

molecule’s ratio is larger, allowing the molecules to rapidly interact with the active site 

Figure 6.29: Effect of adsorbent dose on acenaphthene removal by bacteria doped (A) PVA, (B) PVA-RHBC, 
(C) PVA-RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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and to be removed from the solution. As the concentration increased, the trend slowed 

down due to the increased competition (de Farias Silva and da Gama, 2020). However, 

unlike bioremediation, in this process, higher concentrations did not affect the process 

adversely. The probable cause of that can be explained as, though the aerogels increased 

the concentration of pollutants in some zones of the solution by adsorption, the 

microorganisms were not forced to consume all the pollutants due to the associated 

desorption process. This adsorption-desorption cycle maintained a balanced 

concentration and prevented the inhibition of microbial growth. 

 

6.3.13.3.4. Effect of temperature: The effect of temperature on the pollutant removal by 

bacteria-doped aerogel is presented in Fig. 6.31. Fig. 6.31 (A), (B), (C), (D), (E), and (F) 

show the pollutant removal by bacteria doped PVA, PVA-RHBC, PVA-RHC, PVA-

Figure 6.30: Effect of pollutant concentration on acenaphthene removal by bacteria doped (A) PVA, (B) PVA-
RHBC, (C) PVA-RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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SDBC, PVA-SDC, and PVA-Si, respectively. From the figure, it was shown that the 

optimal removal for all the adsorbents was found at 303 K temperature, signifying the 

dominance of microbial bioremediation over the adsorption process. In this experiment, 

the highest removal was found in the case of PVA-Si-Bacillus sp. aerogel at 303 K 

temperature with the value of 98.29%. This trend can be explained as temperature is an 

important factor in bioremediation. In most cases, higher temperatures enhance the 

removal of pollutants, but at extreme temperatures, the growth of microbes is reduced 

(Iqbal et al., 2007). It was observed that for every microbe, there is an optimum 

temperature, and at that temperature, the microbial activity is the maximum (Sanscartier 

et al., 2011). Topp et al. (1997) reported that most of the microbes show optimum 

temperature at a range of 298 K- 303 K. 
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6.3.13.3.5. Effect of pH: The effect of pH on the removal process also shows a similar 

trend to bioremediation. Fig. 6.32 represents the effect of pH on the removal process. 

6.32 (A), (B), (C), (D), (E), and (F) show the pollutant removal by bacteria doped PVA, 

PVA-RHBC, PVA-RHC, PVA-SDBC, PVA-SDC, and PVA-Si, respectively. PVA-Si-

Bacillus sp. has shown the highest removal among all the adsorbents and pH, with the 

value of 97.85% at pH 7. This observation can be explained by considering the effect of 

pH on microbial cells. pH affects the process in various ways, viz., the chemistry of 

pollutants, the coexisting ions of the solution, and the ionic balance of microorganisms. 

pH also affects the adsorption mechanism and degree of ionisation. 

 

Figure 6.31: Effect of temperature on acenaphthene removal by bacteria doped (A) PVA, (B) PVA-RHBC, (C) 
PVA-RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 

Figure 6.32: Effect of pH on acenaphthene removal by bacteria doped (A) PVA, (B) PVA-RHBC, (C) PVA-
RHC, (D) PVA-SDBC, (E) PVA-SDC, and (F) PVA-Si aerogel 
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6.3.13.3.6. Optimisation of removal: To optimise the naphthalene adsorption process, a 

Response Surface Methodology (RSM) study was performed (Aydar, 2018). A quadratic 

equation, presented as equation (6.5), was used to analyse and validate the experimental 

design. From the batch adsorption study, PVA-Si-Bacillus sp. was selected as the most 

suitable adsorbent for the process, and the RSM study was conducted with that adsorbent 

only. 

R =  84.52 + 38.55 ∗ A + 1.62 ∗ B − 3.43 ∗ C − 4.14 ∗ AB + 1.22 ∗ AC + 1.48 ∗

BC − 32.09 ∗ 𝐴ଶ − 4.15 ∗ 𝐵ଶ − 3.86 ∗ 𝐶ଶ…………………… (6.5) 

Here, A, B, C, and R are reaction time (min), adsorbent dose (g/L), pollutant 

concentration (mg/L), and removal%, respectively.  

6.3.13.3.6.1. Validation of the model: From the ANOVA analysis, it was observed that 

this model is significant with a P-value of 0.0001 (<0.05) and an F-value of 326.61 (>12). 

The correlation coefficient (R2) value of the mentioned model was 0.99. The R2 value 

also indicates that the predicted and observed data of this experiment are in reasonable 

agreement, indicating the significance of the model. Fig. 6.33 (A) shows the distribution 

of predicted and experimental values satisfying the validity of this model. 

6.3.13.3.6.2. Response of time and adsorbent dosage: The response of time and 

adsorbent dosage is presented in Fig. 6.33 (B). The graph shows that the optimum 

removal% was observed at 1 g/ /L adsorbent dosage after 35 hr. of adsorption. The 

maximum pollutant removal under these conditions was found to be 97.42%.  

6.3.13.3.6.3. Response of adsorbent dosage and pollutant concentration: In Fig. 6.33 

(C), the response of adsorbent dosage and pollutant concentration is presented. From the 

figure, it can be stated that at the adsorbent dose of 1 g/L and 5 mg/L pollutant 

concentration, the optimum removal was achieved. The optimum removal in these 

conditions was 92.26%.  

6.3.13.3.6.4. Response of pollutant concentration and time: The crosstalk between 

pollutant concentration and treatment time is represented in Fig. 6.33 (D). From the 

figure, it was observed that at a treatment time of 35 hr. and a 5 mg/L pollutant 

concentration, the highest removal was achieved. The optimum removal in this 

experiment was 98.2%. 
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6.3.13.3.7. GC-MS analysis of pollutant solution after treatment: Fig. 6.34 shows the 

result of GC-MS analysis of pollutant solution after treatment. Being the most effective 

adsorbent, PVA-Si-Bacillus was used to treat the solution for GC-MS analysis. As shown 

in the figure, major peaks at 4.35 min., 4.57 min., 6.07 min., 8.61 min., and 11.77 min. 

are detected respectively. The peaks were identified using the MS library and are 

presented in Table 6.8. 

Figure 6.33: Optimisation of acenaphthene removal by PVA-Si-Bacillus sp. aerogel using Response Surface 
Methodology, representing (A) comparison of actual and predicted results, (B) response of time and aerogel 

dose, (C) response of aerogel dose and pollutant concentration, (D) response of time and pollutant 
concentration. 
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Table 6.8: GC-MS analysis of acenaphthene by PVA-Si-Bacillus sp. aerogel 

Peak retention time 

(min.) 

Compound 

4.35 Ethylbenzene 

4.57 O-Xylene 

6.07 3,3-dimethyl-hexane 

8.61 2,6,11-trimethyl-dodecane 

11.77 3-ethyl-3-methyl-decane 

 

6.4. Conclusion:  

This chapter of the study focused on both the drawbacks of adsorption and bioremediation 

and combined the processes to achieve a more effective removal technique. The 

development of bacteria-doped aerogels and their application in wastewater treatment, 

on one hand, solves the problem associated with the disposal of used adsorbent and other 

hand, addresses the time-consuming nature of bioremediation. From the result of the 

batch study, it is visible that the combination of these two processes left-shifted the 

equilibrium point of the removal process, as well as the simultaneous bioremediation 

Figure 6.34: GC-MS analysis of acenaphthene solution after treatment with PVA-Si-Bacillus sp. aerogel 
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increased the effectiveness of the adsorption. From the MIC analysis and the Monod 

model, it can be concluded that the selected bacteria have a high affinity to mitigate the 

pollution associated with naphthalene, phenol, and acenaphthene. Also, from the RSM 

study, it validity of the removal process by bacteria-doped aerogel was confirmed. 

Furthermore, the AO/EB staining method confirms the successful doping of the bacteria 

in the aerogel matrix. From the GC-MS analysis, the produced products of the 

bioremediation of pollutants were investigated. This analysis confirms the breakdown of 

pollutants and their entry into the Krebs’ cycle of bacterial metabolism pathway. 

However, another important consideration of bioremediation is the toxicity of by-

products. In some cases, the produced products are more harmful to the environment 

compared to the mother compound. The next chapter of this thesis will investigate the 

phytotoxic effect of treated solutions. 
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Chapter: 7 

PHYTOTOXICITY STUDY OF POLLUTANT SOLUTION AFTER 

TREATMENT 

7.1. Introduction:  

Toxicity is a critical parameter to ensure the safety and efficacy of adsorbents for various 

applications, including and not limited to environmental remediation, water treatments, 

and industrial processes (Burgess et al., 2013). Toxicity analysis of any remediation 

process is important, as in some cases, the by-products produced show more adverse 

effects on the environment compared to the mother compound. Also, for adsorption, a 

toxicity study is required. Adsorbents are substances capable to attract and bind other 

molecules onto their surface (Ruthven et al., 1984). The introduction of new adsorbents 

into applications requires thorough evaluation to determine their potential impact on the 

environment, human health, and non-target organisms (Neagu et al., 2023; Kong et al., 

2022). In the previous chapter of this thesis, the treatment of different pollutant solutions 

with prepared adsorbents was discussed in detail. The adsorbents performed adsorption 

and bioremediation simultaneously. In this chapter, the toxicity analysis of the treated 

solutions will be explored on the moong bean (Vigna radiata). A total of three treated 

solutions for each pollutant will be considered for this study, considering the inclusion of 

all used bacteria with the highest removal efficiency. Different phytotoxicity indices will 

be analysed along with carbohydrate and protein profiling of the model organism. 

7.2. Materials and Methods: 

7.2.1. Materials: The moong beans (Vigna radiata) were purchased from a local grocery 

shop at Jadavpur, Kolkata. Hydrogen peroxide (H2O2), anthrone reagent, sulphuric acid 

(H2SO4), sodium hydroxide (NaOH), sodium carbonate (Na2CO3), copper sulphate 

(CuSO4), and sodium potassium tartrate (KNaC4H4O6) were purchased from Marck 

(Germany). Folin-Ciocalteau reagent, sodium chloride (NaCl), potassium chloride (KCl), 

disodium hydrogen phosphate (Na2HPO4), ethanol and potassium dihydrogen phosphate 

(KH2PO4) were purchased from Loba Chemie (India). 

In the previous chapter, it was observed that PVA-Bacillus sp., PVA—B. anthracis, and 

PVA-Si-Pseudomonas sp. showed the most effective removal for all the pollutants. 
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Hence, solutions treated with the mentioned adsorbents were considered for the 

phytotoxicity study. 

7.2.2. Sterilisation of moong beans: To prevent any fungal growth or contamination 

during the experiment, the experiment, the moong beans were washed with 3% H2O2 

solution. To prepare the solution, 3 mL of H2O2 was mixed with DI water in an 

Erlenmeyer flask, and the total volume was 100 mL. The solution was stirred on a 

magnetic stirrer for 10 min. On the other hand, the moong beans were cleaned with DI 

water and submerged in the H2O2 solution for 30 min. Following that, the beans were 

collected and washed with 70% ethanol. After washing the beans with ethanol, they were 

again washed with DI water several times to clean out any excess ethanol or H2O2. 

7.2.3. Preparation of phosphate buffer (PBS) solution: The PBS was prepared as 

described in section 6.2.8.10.1.  

7.2.4. Treatment of moong beans: For phytotoxicity indexing, in a Petri plate, a circular 

filter paper (Whatman 10) was placed and sterilised under UV light for 10 min. After that, 

10 moong beans were placed on the filter paper, and 5 mL of the pollutant solution was 

poured with a micropipette. The plates were sealed and incubated inside a BOD shaker 

incubator (Remi) for 5 days at 303 K. After incubation, the seeds were collected, and the 

root and shoot lengths were measured along with the number of germinated seeds. From 

the root-shoot length and the germinated sheet number, phytotoxicity indices were 

calculated. 

For the biochemical assay, in a Falcon tube, 30 mL of pollutant solution was taken. The 

sterilised moong beans were submerged in the solution and incubated inside a BOD 

shaker incubator for 72 hr. at 303 K. After treatment, the seeds were collected and crushed 

with a mortar pestle, while mixing the seed with 10 mL of phosphate buffer. This sample 

was preserved at 278 K for carbohydrate analysis. On the other hand, the crushed seeds 

were mixed with the buffer solution and centrifuged at 10000 rpm for 5 min. while 

maintaining the temperature at 278 K. The supernatant was collected and stored at 278 K 

for protein analysis. 

A control and a wild-type set was also considered in this experiment. The controlled set 

was the pollutant solutions without any treatment and the “wild-type” was a set of beans 

the was grown without any environmental stress. 
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7.2.5. Phytotoxicity indices study: Phytotoxicity indices are the measurement of the 

toxic effect of any substance on plants. In this research, germination rate, germination 

energy, inhibition rate, and germination index were analysed respectively. 

7.2.5.1. Germination index (GI): GI is a widely used metric in seed science to evaluate 

both the percentage and speed of seed germination. A high GI indicates a seed with both 

a high germination percentage and germination speed; on the other hand, a low GI 

indicates poor growth of the seed. The GI is calculated according to equation (7.1). 

𝐺𝐼 = ෍ ೟ீ

஽೟

௧

ଵ
……………… (7.1) 

Here, Gt is the number of seeds germinated during t time, and Dt is the number of days. 

7.2.5.2. Germination rate: Germination rate is the percentage of seeds in a given batch 

that successfully germinated in a given period. A good germination rate indicates a good 

quality of the seeds. The germination rate was calculated using equation (7.2). 

𝐺𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (%) =
்௢௧௔௟ ௡௨௠௕௘௥ ௢௙ ௚௘௥௠௜௡௔௧௘ௗ ௦௘௘ௗ

்௢௧௔௟ ௡௨௠௕௘௥ ௢௙ ௦௘௘ௗ
𝑥100………………… (7.2)  

7.2.5.3. Germination energy (GE): Germination energy refers to the percentage of seeds 

in a sample that germinate within a specific, early period. This parameter differs from 

germination rate, as the germination rate observes the germination over the total time of 

the experiment, and GE only considers the early period. In this experiment, germination 

energy was calculated using equation (7.3). 

𝐺𝐸 =
ௌ௘௘ௗ ௚௘௥௠௜௡௔௧௘ௗ ௪௜௧௛௜  ଷ ௗ௔௬௦

்௢௧௔௟ ௡௨௠௕௘௥ ௢௙ ௦௘௘௘ௗ௦
𝑥100……………………… (7.3) 

7.2.5.4. Inhibition rate: Inhibition rate refers to the degree to which a certain factor 

(environmental or chemical stress) reduces the germination of seeds compared to an 

untreated control group. The inhibition rate was calculated using equation (7.4). 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (%) =  
ீ௘௥௠௜௡௔௧௜௢௡ ௜௡ ௖௢௡௧௥௢௟ିீ௘௥௠  ௜௡ ௧௥௘௔௧௠௘௡௧

ீ௘௥௠௜௡௔௧௜௢௡ ௜௡ ௖௢௡௧௥௢௟
𝑥100………(7.4) 

7.2.6: Carbohydrate content analysis: The carbohydrate content analysis of seeds was 

conducted by anthrone test as described in section 4.2.4. 

7.2.7. Protein content analysis: The protein content analysis was performed by the 

Folin-Lowry method. The principle behind this method is the reaction of peptide nitrogen 
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present in the protein molecule with the copper (II) ions under alkaline conditions. In this 

reaction, the conversion of copper ions (Cu+2) to cuprous ions (Cu+) occurs, and the 

cuprous ions reduce the Folin-Ciocalteu (F-C) reagent, resulting in the formation of a 

blue-coloured complex, known as heteropolymolybdenum blue. 

7.2.7.1. Preparation of reagents: A total of five reagent solutions were required for 

protein estimation by this process and were prepared as mentioned below. 

7.2.7.1.1. Preparation of sodium carbonate solution: 2 g of NaOH was measured using 

a weighing machine (Sartorius, Germany) and taken in an Erlenmeyer flask. 900 mL of 

DI water was poured into the flask and stirred on a magnetic stirrer. After the solution 

was prepared, the final volume was made up to 1 L. Sodium carbonate was measured 

using a weighing machine (Sartorius, Germany) and added to the NaOH solution in a 2% 

(w/v) ratio. The solution was again stirred on a magnetic stirrer and stored for future use. 

7.2.7.1.2. Preparation of copper sulphate solution: 1 g of copper sulphate was 

measured using a weighing machine (Sartorius, Germany) and mixed with 100 mL of DI 

water in an Erlenmeyer flask on a magnetic stirrer. After the solution was prepared, it was 

stored for future use. 

7.2.7.1.3. Preparation of sodium-potassium tartrate solution: 2 g of sodium-

potassium tartrate was measured using a weighing machine (Sartorius, Germany) and 

mixed with 100 mL of DI water in an Erlenmeyer flask on a magnetic stirrer. After the 

solution was prepared, it was stored for future use. 

7.2.7.1.4. Preparation of copper reagent: The previously prepared sodium carbonate 

solution, copper sulphate solution, and sodium-potassium tartrate solution were mixed in 

a 1:1:10 volumetric ratio. 

7.2.7.2. Experimental procedure: The reaction mixture was prepared by mixing 1 mL 

of sample solution (section 7.2.4) with 0.5 mL of F-C reagent and 5 mL of copper reagent. 

The mixture was stood for 30 min., and the absorbance was measured using a UV-Vis 

spectrophotometer (PerkinElmer, USA) at 750 nm. 

7.3. Result: 

7.3.1. Germination rate: The impact of phenol, acenaphthene, and naphthalene solutions 

after treatment on the germination rate of moong beans is presented in Fig. 7.1 (A). The 
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figure showed that the highest germination rate was found in the wild-type samples, 

reflecting the high germination rate of the model organisms without any influence. In the 

control group, the moong beans samples were exposed to the pollutants without any 

bacterial treatment. They showed significantly reduced germination rate, confirming the 

phytotoxic effects of naphthalene, phenol, and acenaphthene. In the case of PVA-Bacillus 

sp. treatment, germination rates were 72%, 80%, and 70% for naphthalene, phenol, and 

acenaphthene, respectively. This result indicated an effective remediation of the 

pollutants. Similar to this result, PVA-Si-Pseudomonas sp. also showed an effective 

increase in germination rate with 70%, 72%, and 62% for naphthalene, acenaphthene, 

and phenol, respectively. On the other hand, though the germination rate improved, the 

efficacy was slightly lower in the case of PVA-B. anthracis aerogel. Mihelcic and Luthy 

(1988) reported the degradation of acenaphthene by microorganisms, and observed an 

improvement in the phytotoxicity index also supports the observation of this study. 

7.3.2. Germination energy: The impact of phenol, acenaphthene, and naphthalene 

solutions after treatment on the germination energy of moong beans is presented in Fig. 

7.1 (B). The wild-type moong beans culture showed the highest germination energy. On 

the other hand, the lowest value was observed in the case of the control culture at 

approximately 10%. This observation indicated that the pollutants can significantly affect 

the germination energy of the species. After treating with the prepared adsorbents, a 

significant improvement in the germination energy was observed. In the case of PVA-

Bacillus sp., the germination energy was 40% for naphthalene and acenaphthene, but in 

the case of phenol, it dropped to 30%. Similarly, for PVA-B. anthracis, the germination 

energy was close to 40% in the case of naphthalene and acenaphthene, and 30% for 

phenol. A similar result was reported in a previously conducted study, which showed that 

degradation of organic pollutants can effectively reduce their toxic effects (Dutta et al., 

2018). 

7.3.3. Germination index: The impact of phenol, acenaphthene, and naphthalene 

solutions after treatment on the germination index of moong beans is presented in Fig. 

7.1 (C). In the figure, it was shown that in the control culture, the index is lowest. In the 

case of naphthalene, the index was about 0.66. On the other hand, in the wild-type sample, 

the value was 3. After treatment of the samples, the index significantly improved. For 

each treatment, the highest value was 2.6. This result indicated that the pollutants delayed 

the growth of the moong beans. Also, as observed in germination rate analysis, the 
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germination rate was also decreased. From this observation, the statement could be made 

that the adverse effects of pollutants can be remediated by the prepared adsorbents. 

7.3.4. Inhibition rate: The impact of phenol, acenaphthene, and naphthalene solutions 

after treatment on the inhibition rate of moong beans is presented in Fig. 7.1 (D). The 

inhibition rate in the case of the wild-type sample was found to be 0%, indicating high 

germination capability of the species. Though germination rate, germination energy, and 

germination index significantly increased after treatment of the solution, the inhibition 

rate did not show effective development. For all the adsorbents, the inhibition rate was 

found to range between 60%-80%. The data suggested that this enhancement could be 

attributed to the interaction between the bacteria and the compounds, leading to a 

synergistic effect. 

 

7.3.5. Carbohydrate content analysis: The impact of phenol, acenaphthene, and 

naphthalene solutions after treatment on the carbohydrate content of moong beans is 

presented in Fig. 7.2 (A). As presented in the figure, the carbohydrate content of the 

species significantly decreased while treated with the pollutants. This observation 

indicated that the organic pollutants could interfere with the metabolic pathway of moong 

beans affecting the nutrient value of the samples. However, significant improvement in 

Figure 7.1: Toxicity indices of Vigna radiata representing (A) germination rate, (B) germination 
energy, (C) germination index, and (D) inhibition index. 
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the carbohydrate content was observed after treating them with the prepared adsorbents. 

The highest value was found in the case of acenaphthene after treating it with PVA-Si-

Pseudomonas sp. This sample showed a carbohydrate content of 338.8 mg/g, comparable 

with the wild-type sample, that showed the carbohydrate content of 412.38 mg/g. 

7.3.6. Protein content analysis: The impact of phenol, acenaphthene, and naphthalene 

solutions after treatment on the protein content of moong beans is presented in Fig. 7.2 

(B). Similar to carbohydrate analysis, in this case, a decreased amount of protein was 

found while treating the moong beans with pollutant solutions. The lowest protein content 

was observed in the case of acenaphthene treated beans, with the value of 40.19 mg/g. 

On the other hand, in the case of wild-type samples, the protein content was found to be 

258.01 mg/g. After treating the pollutant solutions with prepared adsorbents, the protein 

content increased. The highest protein content was found in the case of phenol solution 

treated with PVA-Bacillus sp. with the value of 208.35 mg/g. 

 

7.4. Conclusion: 

 This chapter of the thesis focused on the phytotoxicity profiling of naphthalene, 

acenaphthene, and phenol before and after adsorbent treatment. From the experiment it 

was found, that before treatment the pollutant solutions exhibit adverse effects on the 

phytotoxicity index and biochemical profile of Vigna radiata. This phenomenon can 

occur due to various reasons, viz., cell necrosis, cell wall damage, and inhibition in 

nutrient uptake. However, the most probable reason can be, being organic in nature, these 

pollutants interfere with the metabolic pathways and enzymatic activities of the species. 

From this study it was also observed that after treating the solutions with prepared 

adsorbents, the adverse effects significantly reduced. This observation indicates that the 

prepared by-products of this process are less harmful compared to the mother compound 

Figure 7.2: Biochemical assay of Vigna radiata representing (A) carbohydrate content and (B) 
protein content 
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and can be discharged in the environment safely. This result also enhances the acceptance 

of the prepared adsorbents as a sustainable method of wastewater treatment. 
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CONCLUSION AND FUTURE PERSPECTIVE 

Solid biotic waste generation and disposal problems are increasing every day. Waste 

materials like sawdust and rice husk and sawdust is very common in developing countries 

like India as a form of agricultural by-products and industrial waste, respectively. These 

components, also known as lignocellulosic materials, can act as the precursor of different 

value-added products in they are treated with chemical or biological methods. 

In this process, the chemical agents or biological enzymes break down the biochemical 

structures of lignocellulosic biomass and separate all the building block chemicals. In this 

study, a sonochemical method was used to treat the rice husk and sawdust and extract 

cellulose, lignin, and hemicellulose from it. It was found that after applying sonication 

along with chemical agents, the cellulose yield significantly improved. The highest 

concentration of cellulose achieved in this study was 958.88 mg/g of biomass, after 

treating sawdust with a 4% NaOH solution and sonication. It was also observed that 

sonication did not directly affect the total reducing sugar (TRS) yield but rather followed 

the trend of cellulose yield. Moreover, it was also found that by adjusting different 

physical parameters and experimental conditions, the yield can increase significantly. It 

was observed that in all the cases, the highest ethanol yield was achieved after treating 

the samples for five days, at pH 7, biomass concentration of 3 g/L, microbial 

concentration of 1 mL/100 mL, and temperature at 303 K. The highest concentration of 

ethanol found in this study was 5.84 mg/g from rice husk, after treating it with a 6% 

NaOH solution. Hemicellulose and lignin were also extracted during this process, and 

furfural was produced from the extracted cellulose. 

Moreover, biochar was prepared from the raw materials as well, and silica was extracted. 

The extracted silica, cellulose, and prepared biochar were used as filler materials for PVA 

aerogel synthesis. It was found that the prepared aerogels have a high affinity for 

pollutants like dye and organic pollutants. From this study, it was also observed that the 

aerogels can adsorb 98.23% phenanthrene from aqueous solution. Also, the removal of 

97.34% of naphthalene, 94.87% of phenol, 88.36% of acenaphthene, 94.21% of congo 

red, and 95.62% of methylene blue was found by using the prepared aerogels. From 

different characterisation studies of the aerogels, a clearer picture of the adsorbents was 

generated. From the microscopy and SEM analysis, the uneven surface of aerogels was 

observed, which played a significant role in the adsorption behaviour. From the ATR-
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FTIR analysis, it was concluded that the presence of functional groups, like C-H, C=O, 

C-O, and Si-O-Si, made them significant adsorbents for industrial scale usage. It was also 

observed that the aerogels were thermally stable, highly porous and lightweight materials, 

satisfying all the criteria of aerogels previously created by the supercritical drying 

method. 

From the modelling of the adsorption processes, it was found that the processes were 

endothermic and spontaneous. They were observed to follow the pseudo-2nd-order kinetic 

model. The isotherm model, though, was found to depend on the adsorbent type. In 

general, the aerogels containing sawdust materials as filler followed the Langmuir 

isotherm model; on the other hand, the rest of the aerogels were found to better fit the 

Freundlich isotherm model, allowing multilayer adsorption. 

To enhance the removal capacity of the prepared aerogels, bacteria, viz., Bacillus sp., 

Pseudomonas sp., and B. anthracis, were doped inside the PVA matrix. In this study, the 

bacteria were found to be resistant to the pollutants of interest with a minimal MIC value. 

In all the scenarios, PVA-Si aerogel was found to be the best matrix for bacterial doping 

and enhancing its capability. After doping the bacteria inside the aerogel network, the 

adsorption equilibrium was found after 2 days of treatment, compared to almost five days 

of treatment in the case of normal bioremediation. It was also found that the adsorption 

efficiency of the aerogels increased significantly after bacterial doping. Where the highest 

removal of naphthalene was found to be 92% in the case of PVA-Si aerogel, which 

increased up to 98% after doping with Bacillus sp. 

From the phytotoxicity analysis, it was found that after treating the pollutant solutions 

with bacteria-doped aerogels, the phytotoxicity decreased significantly. The study was 

conducted on Vigna radiata as the model organism, and it was found that for each 

phytotoxicity index, the value increased significantly after treating them with the 

prepared adsorbents. 

This study was conducted with multiple approaches associated with energy and the 

environment. From this study, it was found that rice husk and sawdust can be used as the 

raw material for valorisation and produce different products, like, cellulose, lignin, 

hemicellulose, bioethanol, and furfural. Also, the extracted silica and cellulose, along 

with the produced biochar, were used to synthesise aerogels for wastewater treatment. 

Though the aerogels were found to be efficient adsorbents for organic pollutants and dye 
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removal, doping of microorganisms in the PVA matrix significantly improved the output. 

Also, the remediation of the toxic effects of the pollutants was found after treating them 

with the prepared bacteria-doped aerogels. 

Though this study focuses on multiple perspectives and addresses various problems, there 

are a few areas where scopes were identified to conduct further research. 

1. The chemical and biological pretreatment methods for lignocellulosic biomass can be 

combined to investigate the effects. 

2. In this study, Saccharomyces cerevisiae was used to ferment the extracted cellulose. 

However, other microbes, like Zymomonas mobilis, can be used to observe if there is any 

improvement. 

3. New processes of hemicellulose and lignin extraction can be investigated to minimise 

the cost of the extraction process, as these extractions require absolute ethanol, affecting 

the cost-benefit analysis on an industrial scale. 

4. Produced biochar can further be modified to nanotubes, nanosheets, and metal-organic 

frameworks to synthesize more new types of aerogels with more diverse applications. 

5. The metabolic pathways of bacteria can be studied and engineered to enhance the 

bioremediation efficiency. 

6. Column studies and rotary packed bed studies can be performed to further optimise the 

removal process. 

7. Simulation of the experiments using different software (ProsimDAC, Protox-II) can be 

done to understand the processes in more details for large scale applications. 
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