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ABSTRACT 

Water pollution is a prominent cause of death globally, especially in rural and undeveloped 

areas where access to resources and municipally cleaned water is limited. Water pollution 

also contributes to the spread of many chronic, debilitating diseases. 25% of the world's 

population does not have access to clean drinking water at this time. Since the beginning of 

humanity's existence, nature has given us a variety of resources for our survival. Among 

them is cellulose, a biopolymer that is widely available, found in higher plants, and produced 

by some acetic acid bacteria. It has the potential to be employed as a water filtration 

membrane. We attempted to make a nanocellulose membrane from a banana pseudo stem 

by isolating and reducing the cellulose fibrils utilising several physicochemical approaches 

in this study. A suitable approach was developed, taking both efficacy and cost into mind. 

Following the curated approach, 50% filtration efficiency was obtained; however, based on 

the test results, additional optimisation is required to double the filtration efficiency. 
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Chapter-1 

INTRODUCTION 

The water crisis is a global concern that needs immediate attention. Water quality 

deterioration has indeed played an important role in several global challenges, including 

human access to drinking water and species survival. As of date, approximately 25% of the 

global population doesn't have access to potable water [1].  Water pollution is a leading 

cause of death worldwide, and it causes or contributes to the transmission of several chronic 

enfeebling diseases in people compelled to consume contaminated water. Water 

contamination has led to several critical implications, especially in rural and underdeveloped 

regions where the feasibility of resources and municipally treated water is lacking [2]–[4] 

 

 

 

 

Potable water is simply one mode of transmission for diseases transferred via the colonic-

oral pathway. Microbial drinking water safety is not solely concerned with contamination 

from faeces. Some organisms (e.g., Legionella) thrive in piped water distribution networks, 

No.of bacteria

43%

No. of Viruses

32%

No. of protozoans

21%

No. of helminths

4%

MICROBIAL CONTAMINANTS

Fig. 1: Representing the prevalence of microbial type in water 

contamination 
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while others (e.g., guinea worms [Dracunculus medinensis]) occur in source waters and can 

cause outbreaks and cases by themselves. Furthermore, microbes, such as toxic 

cyanobacteria, necessitate specialized management strategies [2] 

Diarrhoea, being the second leading cause of death in children of age below 5 years is mainly 

infested by a host of bacteria, viruses, and some protozoal pathogens and spread through 

fecally contaminated water [3], [4]. The occurrence of these diseases has been seen as more 

prevalent in lower-income underdeveloped countries [3]. Globally it accounts for 

approximately 525,000 deaths of children under the age of 5 years annually and is the main 

cause of malnutrition in children under the same age group [3], [4]. 

Along with microbiological contaminants, heavy metal pollution and its entrance into 

trophic levels of the food chain have exacerbated the situation. Heavy metals are elements 

of relatively high density ranging from 3.5 to 7 g cm-3 and show toxicity against cells at 

relatively low concentrations [5]. Fig.2 represents the minimum concentration limit of some 

profoundly found heavy metal contaminants in water bodies. 

 

 

These HMs contaminants mainly infiltrate the water bodies via. mining activities, 

mismanagement of industrial effluents, municipal wastes, and residential applications which 

further get biomagnified by entering into various trophic levels of the food chain [6] The 

primary reason for their toxicity is attributed to their biomagnification and bioaccumulation 

Fig. 2: Heavy metals contaminants & their permissible limit 
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tendencies which lead to interference with the native function of various proteins and 

enzymes on a molecular level [7]  

Various medically critical conditions of acute and chronic status have been represented in 

the following table.1[5] 

 

 

 

 

 

Besides water treatment, water filtration has also proven an effective strategy to deal with 

these aforementioned issues. Various strategies have been explored for water filtration, 

especially by figuring out pore size and its applicability in the removal of various 

contaminants ranging from biological to inorganic metals.  

Table 1.  Heavy metal pollutants and their possible medical 

complications 
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Membrane filtration is a term most commonly used to refer to a thin single or multilayer 

material working as a sieve and allowing water along with a few suspended solids to pass 

through it [8]. The solids are allowed to pass depending on the pore size and the properties 

of the membrane which can be altered depending on one's objective. These membranes have 

been grouped based on their pore size as MF (0.5-5µm), UF (5×10-3-5×10-1µm), NF (7×10-

4-5×10-3µm), and RO (>0.27nm) [9].  

 

 

 

Fig. 3 Shows the range of entities being filtered out at a particular pore range 
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Chapter-2 

 

2.1 Valorising of biomass “an emergence to save nature” 

The idea behind utilizing unused biomass is becoming increasingly relevant in today's world 

as the cost of waste residue management can be circumvented and the alarming condition of 

environmental damage can be mitigated [10].  Furthermore, the usage of these residues could 

not only minimize waste but also have an economic impact by producing value-added 

products [11]. 

Cellulose, the most prevalent biopolymer, is a primary component of biomass and is 

estimated to be produced at a global scale of 75-100 billion tonnes annually [12] 

This study aims to explore the nano-dimension range and develop a cellulose-rich membrane 

for water filtration such that some of the standards of water potability recommended by 

W.H.O. is attained. 

 

Advancement in human resource development and the ambitious nature of the human 

species has led to ease of human life. However, it also has led to various challenges in recent 

and for upcoming generations. One such issue is climate change which endangers sustained 

global development and is mainly fuelled by the unsustainable use of fossil fuels along with 

other anthropogenic activities [10].  The quickest way to overcome this is to gradually 

replace fossil fuel and its derivatives consumption with renewable energy sources [10]. 

Biomass valorisation has emerged as a potential concept to strategically shift the exploitation 

of finite fossil fuels consumption and provide some feasible alternatives to its derived 

products [13].  

The overall worldwide biomass supply through agriculture and forestry is projected to be 

around 11.9 billion tonnes of dry matter per year, with agriculture producing 61% and 

forestry producing 39% (fig. 4) [14]  
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These biomass sources can serve as an impeccable infinite resource for various purposes like 

fodder, paper, pulp, biofuels, chemicals, and other economically relevant biobased products 

[13].  

One such utilization has been observed in the application of water potability where several 

scientific literatures has been published for processing cellulose-rich biomass into a 

functionalized membrane [15]–[17] 

Cellulose is an abundant biopolymer having β-D-Glucose as its monomeric constituent 

linked via. β (1      4) glycosidic linkage with varying degrees of polymerization [18]. It is 

present in various sources such as hardwood, softwood, agricultural biomass, bacteria, algae, 

tunicates, etc [19] 

Nanocellulose is a derivative of cellulosic biomass having one of its dimensions in the 

nanoscale i.e. (1-100nm) [19]. Depending on their constituent's morphology and origin 

nanocellulose can be categorized into three major groups namely cellulose nanocrystals 

(CNCs), cellulose nanofibrils (CNFs), and bacterial cellulose [20], [21] 

Fig. 4: Worldwide biomass supply through agriculture and forestry 
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Fig. 5 (a) the hierarchal structure of cellulose, (b) cellulose nanocrystals formed via. 

acid hydrolysis, (c) synthesis of cellulose nanofibers by bacterial cells [22] 

 

Working on the nanoscale offers various features such as mechanical strength, thermal 

stability, high surface area, high aspect ratio, ease of surface modifications, and unique 

solvent flow and membrane deformations which overall improve membrane stability [19], 

[23], [24] 

 

2.2 Methods being explored to extract nanocellulose from LCB 

Various techniques have been mainly focused on improving the crystallinity index along 

with hydrolysing the other secondary constituents, mainly hemicellulose, lignin, pectin, or 

other metal contaminants from LCB. 
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Depending on the kind of cellulosic biomass, these characteristics have been achieved using 

various combinations of physical, chemical, and enzymatic techniques for processing 

precursor cellulose into nanocellulose.  

However, these methods can be grouped into two major categories either using a top-down 

mechanical shearing strategy or chemical disruption of the precursor cellulose fibres. Each 

of these methods has some limitations, thus an effective strategy of combining them can 

provide a more optimum solution for nanocellulose production with a higher yield and lower 

cost. 

One such example is mechanical defibrillation of cellulose precursors, which involves high 

shearing forces that defibrillate the cellulose bundles, resulting in micro-fibrillated cellulose 

production. The method's main shortcoming is the high energy required for appliance 

operation. Various methods involving high-pressure homogenization, microfluidization, 

grinding, cryo-crushing, and ball-milling have been used [19].  

Some commonly used strategies to defibrillate LCB have been summarised in the table 

below. 

Processes Mechanism of synthesis 

High-pressure 

homogenization 

Passage of precursor from a small orifice under high pressure resulting 

in exposure of the sample to sudden intense turbulence and hydraulic 

shear. 

Microfluidization Passage of cellulose precursor under high pressure through a channel 

result in the disintegration of fibres via. a higher constant shear force. 

Less prone to clogging due to constant shear rate [19] 

Grinding Mechanical shearing between two rough surfaces leads to the 

defibrillation of NC. During grinding the heat being generated 

evaporates the water of the suspension [19] 

Cryo-crushing Water-retained cellulose fibres are exposed to N2 which solidifies the 

retained water followed by grinding in a mortar pestle [19] 

Ball-milling The collision between balls inside the container defibrillates the NC [19] 

 

Table 2. Degumming strategies of the LCB 
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Numerous strategies have been investigated to effectively overcome the constraints faced by 

mechanical defibrillation of cellulose fibre, such as cutting, acid or enzymatic hydrolysis, 

TEMPO-mediated oxidation, or the insertion of charged groups through carboxylation. All 

of these procedures prepare the membrane and lower the amount of energy required. [25].  

Depending on the synthesis and optimization method the zeta potential value of the 

nanocellulose may vary. The negative zeta potential value indicates the negative surface 

charge of the NC mainly imparted from the hydroxyl groups [26].  The value of zeta potential 

is detrimental in maintaining the NC in a dispersed form mainly through repulsion between 

like charges. A value less than 15mV usually causes agglomeration, but a value more than 

30 allows NC to remain suspended [19] 

NC generated using the TEMPO oxidation approach has the highest zeta potential value of 

(-69mV), followed by acid hydrolysis at a zeta potential value of (-34mV), but high-intensity 

ultrasonication has the lowest zeta potential value of (-24mV), resulting in an unstable 

agglomerated NC form [19] 

 

        

 

 

 

Fig. 6 Picture of a 2 w/v % micro fibrillated cellulose aqueous 

suspension from eucalyptus, enzymatic pre-treated [25] 
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2.3 Selection of LCB as an initial substrate 

As the synthesis on an industrial scale requires a competitive price point for the product to 

be easily marketed, the substrate becomes an intrinsic part of determining the overall 

production cost and its acceptance to the general population. 

It has been a challenge to narrow down to a substrate that can be used, giving the optimal 

yield and requiring minimum processing. The choice of a particular biomass will differ 

depending on the region and its availability. 

Various scientific literature has already been published where a vast array of biomass has 

been used as a precursor for NC synthesis.  

 

 

          Table 3 Various cellulosic biomass used as a precursor for NC synthesis[22] 
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Bananas plants are cellulosic-rich biomass especially abundant in tropical and subtropical 

regions. Approximately 70 million metric tons of bananas are produced every year by the 

tropical and subtropical regions of the world and India is the leading producer of bananas 

yielding an annual output of about 14.2 million tonnes [27]. 

It shows some significant intrinsic properties which can be exploited to get a good yield of 

NC, especially in countries like India, China, and other tropical and sub-tropical countries 

where the conditions for banana plant growth are optimum [28] 

 

 

                          Table 4 Intrinsic properties of some studied fiber [22] 

Banana stem is waste biomass produced in vast quantities after fruit harvesting due to each 

plant bearing fruit only once. The inedible portions, including pseudo-stems and leaves, 

account for around 88% of the total weight of the plant and have a high cellulose fiber 

content [29]. Besides their abundance properties like low microfibrillar angle, cellulose 
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crystallinity, and cellulose content are also some promising features making it a good 

precursor material [22] 

Other properties like their fibre tensile strength, low density, and high Young’s modulus 

value give them some excellent mechanical properties which can further be optimized using 

various techniques [22]. 

 

The low microfibrillar angle and high cellulose fraction are critical criteria that primarily 

define fibre strength; other elements, such as the crystallinity index, can be important aspects 

that primarily influence the membrane's hygroscopic nature. A high crystallinity index is 

generally suggested to enhance membrane strength and stability.  

 

Table 5 Physical properties of commonly used substrate [22] 
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2.4 Industrial and Environmental concerns related to NC Synthesis 

On a small scale, numerous industries throughout the world produce cellulose-based films 

for a variety of uses. The primary hurdles, however, are in upscaling manufacturing, which 

is hampered by energy demand, substrate type, and production cost.[19]  

One essential element of NC production by opting for a chemical-based strategy, especially 

H2SO4 carried acid hydrolysis necessitates the requirement of acid-stable equipment which 

increases the cost of production. Along with it the neutralization of acidic pH via. 

centrifugation or dialysis further increases the time and cost of manufacturing. 

To effectively counter the economic and environmental concerns related to nanocellulose 

production enzymes have been an excellent choice nevertheless their optimization of suitable 

enzyme concoction and concentration is needed. 

Along with the economic element, another difficulty is to limit secondary environmental 

harm, which is primarily caused by the use of chemicals such as H2SO4 during the bleaching 

or acid hydrolysis step of chemical deconstruction of cellulose precursor.[19] 

To add onto this is the struggle to obtain a high yield of NC so that the production could be 

feasible and the concept of valorising the biomass can be made successful. Continuous 

efforts are being made towards optimizing the production and scaling it up from laboratory 

to pilot standard. Industries are constantly looking for an optimized protocol that will reduce 

production costs to the point where the products will be marketable and profitable.[19] 

In this work the effort has been aimed at properly degumming the agro-waste to obtain NC 

while keeping the cost of preparation in mind.  

Multiple approaches can be utilized in conjunction for successful defibrillation and NC 

synthesis. Beginning with prior mechanical grinding increases the surface area and allows 

subsequent reagents to access the inside of the fiber more effortlessly. One common 

approach widely employed for reducing the recalcitrance nature of LCB is mercerization, 

also known as alkali treatment, which partially eliminates the substrate's pectin, lignin, and 

hemicelluloses. NaOH is the most commonly employed reagent for this, but other 

compounds like potassium hydroxide, calcium hydroxide, ammonium hydroxide, and 

aqueous ammonia have also been studied. Following the mercerization event, successive 

treatment of the partially delignified LCB can be carried out using an acidified sodium 

chlorite solution, which solubilizes the lignin fraction by converting it to lignin chloride.  
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Another chemical-based strategy to downsize the bleached LCB microfibers into nanoscale 

is through a chemical disruption strategy which entails carefully hydrolysing the amorphous 

part of cellulose's microfibrillar structure with strong acid. The process referred to as acid     

 

 

 

 

hydrolysis, involves the absorption of H+ ions from a strong acid, such as H2SO4 or HCl, 

which hydrolyses the glycosidic bonds before mechanically releasing the individual 

crystallites. The most commonly employed acid for the following purpose is H2SO4 [30]–

[33]. However other acids like HCl, phosphoric, hydrobromic, and nitric have also been 

employed [33]–[35]. However, using H2SO4
 over other acids provides some additional 

benefits such as high negative zeta potential by increasing the negative surface charge of NC 

which mainly helps in maintaining the dispersion state stability [25], [36]. 

Sulphuric acid-based hydrolysis is effective in preventing agglomeration of the NC being 

synthesized however, the major limitation remains with the compromised thermal stability 

due to the presence of sulphate esters on the surface of the NC which can be improved by 

alkali treatment with sodium hydroxide solution [25] 

HCl as an alternative to H2SO4
 provides better thermal stability however as the CNF does 

not possess any surface charge from HCl treatment the dispersed state of the suspension is 

compromised and the NC is more prone to agglomeration [12]. 

Fig. 7 Overview of the strategy being followed in this work 
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Following the event of acid hydrolysis further, post-treatments such as solvent elimination, 

neutralization, washing, purification, filtration, centrifugation, sonication, dialysis, 

fractionation, surface modification, stabilization, and drying (freeze-drying, spray-drying) 

must be conducted to neutralize the substrate and recover CNC product [22] 

In concert with the acid-hydrolysis step, another effective strategy for downsizing the 

hydrolysed fibers to sub-micron scale is to use high-intensity ultrasonication. The ultrasonic 

waves that generate cavitation bubbles around the sonication probe gradually reduce the 

fibre length, which eventually shrinks the individual fibres and modifies their properties 

based on the time and intensity of treatment.  

 

As aspect ratios increase, tuning of fibres for membrane preparation becomes increasingly 

challenging. The series of procedures utilised in this work expose the surface hydroxyl 

groups of the cellulose fibre, which results in the formation of collectively strong hydrogen 

bonds between the adjacent fibrils. The increase in hydrogen bonding makes it difficult to 

overcome barriers like compromised membrane flexibility and other issues like membrane 

fouling and flux rate. 

Pore size, however, will also be impacted by insufficient lignin removal from the biomass 

during degumming. Therefore, usage of plasticizers was chosen to overcome these hurdles. 

Glycerol, often known as glycerin, is a GRAS triol molecule that has no smell, no colour, is 

viscous, and has an effective plasticizing behaviour. Its use enhances the system's flexibility 

and flux rate, two factors necessary for the membrane's efficiency.  
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2.5 Biodegradability of cellulose film 

The biodegradability rate of the prepared cellulose film has been studied in the referenced 

work, where they calculated it to be 7%, showing an excellent biodegradability rate when 

compared to the cellulose filter paper and the polyethylene film. It was found that the 

degradation of conventionally used PEF was nearly unnoticeable due to its long-sustained 

life, while the cellulose filter paper showed a comparatively slower rate of degradation. The 

inference of such a result where the prepared cellulose film showed a high rate of 

biodegradability can be explained based on its lower crystallinity when compared to 

cellulose-based filter paper, as the treatment followed in the protocol lowers its crystallinity, 

making it more susceptible to degradation. The second important reason can be the high 

surface (-OH) groups present post-processing, which also make them vulnerable to microbial 

degradation [29].  

Aside from the experimental evidence in the cited work, the biodegradability of any prepared 

cellulose-rich membrane from LCB can be rationally justified by the presence of surface 

hydroxyl and the susceptibility of glycosidic linkage to various enzymes produced by a 

variety of naturally occurring soil microbes commonly referred to as cellulolytic bacteria 

and fungi mainly with the help of cellulase [37]  In soil, the half-life of cellulose and 

hemicellulose is predicted to be between days and weeks [37].   

 

2.6 Characterization  

The NC property will vary greatly depending on the technique used for its synthesis. Various 

aspects related to membrane physical, chemical, and functional aspects are assessed post-

synthesis using different experiments and analytical tools. In this section, a quick overview 

of the key tools and techniques required for the fundamental comprehension of the product 

feature is highlighted. 

Aspects related to membrane characterization like chemical composition, operational 

stability, hydrophilicity, surface morphological analysis, and filtration efficiency have been 

conducted to get a clear outlook on the optimisation needed for the protocol being used and 

the quality of the NC membrane being synthesised. 
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2.6.1 Optimisation of casting material and temperature 

For effective casting of the sonicated TBPS, various materials like glass, polystyrene, and 

polypropylene were tested to avoid any peeling or damage to the membrane post-drying. 

Beside selecting the casting material, the temperature required for drying the membrane was 

also investigated by placing samples at 50 ºC in H.A.O. and at 25 ºC at ambient room 

temperature. 

2.6.2 F.T.I.R analysis  

 

Fourier Transform Infrared Spectroscopy (FTIR) is a powerful analytical technique used to 

identify and characterize chemical compounds. It utilizes infrared light to detect the 

vibrational and rotational energy of molecules, allowing for the identification of unknown 

compounds or changes in known compounds over time. FTIR offers high sensitivity and 

accuracy with minimal sample preparation requirements making it an ideal tool for many 

analytical tasks. 

The samples at different treatment stages of NC preparation were collected and dried for 

their investigation using F.T.I.R. (Agilent Cary 630) at Shoolini University.  

 

2.6.3 Flux rate determination 

 

Another critical criterion that controls any prepared membrane's applicability in the real 

world is its flux rate. A membrane with a more significant flux rate is considered a superior 

alternative in general; nonetheless, there is a direct relationship between pore size and flux 

rate; as pore size drops, the flux rate decreases. The treatment approach and time used to 

degum the LCB are detrimental in influencing the filtration performance and pore size of the 

membrane. 

In the following work, the flux rate is determined under normal gravitational impact using a 

temporarily created setup and the stated formula. 

  

2.6.4 Water stability & membrane integrity 

For evaluating the membrane stability in water by understanding the minimum TBPS 

volume required for casting without compromising filtration efficiency, the membranes were 

cut roughly into 2 cm x 2cm squares and submerged in 25 ml of distilled water in petri plates, 
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where they were further observed. The following test gives us an indication of the casting 

volume required to utilise the membrane's stability under regular operating conditions. The 

casting volume of the fibre employed affects the membrane's integrity. Following 16 days 

of observation, the minimum TBPS volume for casting was determined. 

2.6.5 Filtration efficiency/ pathogen’s removal 

To evaluate the filtration efficacy of the developed membrane, 400 µl of E. coli broth was 

added to 20 ml of sterile distilled water, and its optical density at 600nm wavelength was 

measured using UV-Vis spectroscopy.  The spiked sample was then filtered by passing it 

through the prepared membrane inserted in a temporary filtering system inside the LAF 

under gravity force. The difference in turbidity before and after the sample was filtered was 

used to calculate the rejection percentage of the membrane, which indicates its filtration 

effectiveness. 

   

                            Rejection % =         

 

Further, the result was consolidated by culturing the E. coli on an EMB culture medium at 

37°C. The coliform bacteria were detected and enumerated.  

2.6.6 Water contact angle/ hydrophilicity  

Water contact angle, a measurement of a material's surface energy, is based on the angle at 

which water droplets make contact with the material's surface. It can be used to evaluate a 

material's prospective applications and wettability. In order to create goods and materials 

that are resistant to water damage, it can be helpful to understand how liquids interact with 

various surfaces by measuring the water contact angle. 

 

 

 

 

 

 Control A600 – Sample A600 

Control A600  

X 100%  
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Chapter-3 

 

3.1 MATERIALS REQUIRED: 

Raw material: 

 Banana pseudo stem

Laboratory equipment: 

 Pressure convection oven 

 Blender  

 Water bath 

 Hot plate with magnetic stirrer 

 Digital weighing machine 

Laboratory apparatus: 

 Aluminium foil 

 Muslin cloth 

 Glass Petri plates 

 Beaker  

 Graduated cylinder 250ml, 50ml & 10ml 

 Laboratory sieve (180 µm pore size) 

Chemical reagents: 

 Sodium hydroxide 

 Glacial Acetic acid 

 Sodium chlorite 

 Sulphuric acid 

 Glycerol
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3.2  METHODOLOGY:  

3.2.1 Pre-treatment 

 

3.2.1.1 Parching and Mercerization: 

 Partially dried banana pseudo-stems were roughly chopped into manageable pieces and 

further parched in a pressure convection oven to remove residual water at 60ºC for 24 

hours. 

 After drying them, the pseudo-stems were transferred to a mixer grinder (230 V~50 HZ) 

and ground at the maximum setting for 30 seconds with ten-second pauses to avoid 

excess heat generation. 

 The grounded PS was sieved using a laboratory test sieve of 180 µm mesh size. 

 20 gm of the grounded filtrate of banana PS were immersed in 300 ml of 7.5% w/v NaOH 

solution in a hot water bath at a temperature of 80ºC for 1 h. A technique referred to as 

the mercerization for partial degradation of lignin.  

 The fibres were collected using muslin cloth and thoroughly washed under running hot 

tap water to lower the pH. 

 The residual NaOH from the fibres from the treatment was removed by neutralizing the 

treated residue with 10% v/v of acetic acid.  

 

 

 Fig. 8 Banana pseudo stem (1); Parched BPS (2); Mercerized BPS (3) 

1 2 3 
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3.2.1.2 Acid hydrolysis 

 The bleached fibre was hydrolysed in a dilute sulphuric acid solution, a process referred 

to as acid hydrolysis, at a 10% v/v concentration at 80ºC for 3hours. 

 Following the hydrolysis reaction, the solution was strained through a muslin cloth and 

washed thoroughly with distilled water and then with running hot tap water. 

 

  

 

 

 

 

 

 

 

Fig. 9: Post acid hydrolysis (1), Post mercerization (2) 

1 
2 
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3.2.1.3 Bleaching 

 An acidic solution of pH 5 of 1% (w/v) of sodium chlorite was prepared. The pH of the 

solution was acidified using acetic acid of 10%v/v. 

 The fibres were immersed in the prepared solution of NaClO2 for 2 hours. 

 The fibres were then washed with distilled water followed by running hot tap water to 

neutralize the pH before further treatment. 

 

 

 

 

 

 

 

 

 

 

Fig. 10 Post bleaching (1); Neutralization (2); Bleached 

BPS (3);  

1 2 3 



23 
 

 

3.2.2 Grinding  

 The treated sample was grounded to reduce the fiber size and prepare a nearly gel like 

consistency as shown in the fig. X and were further sonicated.  

 

 

 

 

 

3.2.3 Sonication  

 Roughly 40 ml of the grounded suspension was transferred to a 100ml beaker to which 

0.4 & 0.8% w/v of glycerol was added and sonicated at 38% amplitude for 15minutes. 

 The suspension was mixed thoroughly for 1minute after each 5minutes of sonication 

cycle for a total of 3 times to maintain homogeneity of the suspended fibres. 

 

 

 

Fig. 11 Grinding (1); Post bleaching (2) 

1 2 
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3.2.4 Casting 

 10cm X 10cm muslin cloth were cut, to which sonicated suspension of the treated LCB 

was poured onto a polypropylene based petri plate, and were incubated overnight at 40ºC 

inside incubator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 Prepared membrane filter 
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Chapter-4 

RESULTS & DISCUSSION 

4.1 FTIR analysis 

 

The spectral image of the TBPS showed strong absorption bands for intermolecularly 

bonded hydroxyl groups at around 3200–3300 cm-1. Which were observed in every pre-

treatment approach being followed. Especially in the sample (10% A.H., 3Hrs) due to the 

additional sonication and grinding step which minimised the recalcitrance nature of 

untreated BPS. 

Peaks at ~2900 has been assigned to the C-H stretching vibration from the -CH2 group of 

celluloses and hemicelluloses it is a characteristic peak observed in natural fibres. 
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4.2 Optimisation of casting material & temperature 

 

 

Different materials for casting were tested for effective peeling of membranes after drying 

at different temperatures as given in the table below. 

 

Sample No. BPS volume Muslin Casting 

material 

Drying temp. 

1 4% w/v No 

 

Glass plate H.A.O. 

2 4% w/v No Polystyrene plate H.A.O. 

Fig. 14 Optimisation of casting material, temperature 

and treated BPS loading 

1

. 

4 5 6 

2 3 

7 
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3 4% w/v No Polypropylene 

plate 

Ambient temp. 

4 6% w/v No Glass plate H.A.O. 

5 6% w/v No Polystyrene plate H.A.O. 

6 6% w/v No Polypropylene 

plate 

Ambient temp. 

7 6% w/v Yes Polypropylene 

plate 

Ambient temp. 

 

 

 

The polypropylene based Petri plates were most suitable for casting of the membrane as the 

membrane being casted were much easier to peel without any damages. 

Whereas other material-based Petri plates (glass and polystyrene) easily damaged the 

membrane due to sticking of the membrane with the surfaces post-drying. 

For drying, the membranes were placed in a hot air oven, and a few samples were kept at 

room temperature. It was found that the effect of temperature was not considerable on the 

membrane properties. However, it took longer for the membranes kept at room temperature 

to dry due to the slow evaporation rate. 

 

 

 

 

Table 6 Optimisation of casting material, temperature, and treated BPS 

loading. 
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4.3 Water contact angle examination  

 

Serial No. Membrane type Contact angle 

1 7% w/v 65.69 º 

2 5% w/v 66.06 º 

3 5% w/v + 0.8% Gly 63.89 º 

4 5 % w/v + 0.4% Gly 57.54 º 

 

 

 

  

 

 

Table 7 Contact angle values of prepared membranes 

Fig.15 Images of contact angle of prepared membranes 7% w/v (1); 

5% w/v (2) 

1 2 
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The degree of hydrophilicity of the prepared membrane was investigated using contact angle 

measurements. From the given images and results, it can be inferred that with the increase 

in the concentration of the bleached fibres, the surface roughness was also increased, which 

ultimately increased the contact angle as well. Whereas in the membrane, where bleached 

fibres were maintained at a concentration of 5%, the contact angle was reduced. 

The membrane to which additionally glycerol was added as a plasticizer, as mentioned in 

Table 7, tends to be more hygroscopic, which results in a decrease in the contact angle as 

shown in Fig. 16. 

 

 

 

 

Fig.16 Images of contact angle of prepared membranes 5% w/v + 0.8% (Gly) 

(1); 5% w/v + 0.4% (Gly) (2) 

1 2 
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4.4 Membrane stability 

 

 

 

 

Sample no. Casting Volume Stable after 16 days of 

observation 

1.  2% w/v No 

2.  2% w/v No 

3.  4 % w/v Yes 

4.  4% w/v Yes 

 

 

The treated BPS volume for casting the membrane was tested for water stability, and it was 

found that a solid loading of above 4% w/v was stable for prolonged usage. Whereas 

concentrations below 4% w/v are easily disintegrated. 

 

Fig.17 Membrane stability analysis; Day 1 (left); Day 16 

(right) 

1

. 

2 4 

3 1

. 

2 

3 

4 

Table 8 Membrane stability at different TBPS casting volume 
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4.5  Surface morphology and pore size 

 

(1)                                                                    (2) 

 

 

  

 

The surface morphology and fibre networking of the casted material were examined using a 

phase contrast microscope at a maximum magnification of 20X because images recorded at 

higher magnifications were blurred. The images depict the visible networking of 

interconnected cellulose fibres, which form a mesh-like structure capable of eliminating any 

particulate pollutants larger than the pores generated by the individual strands.  

The results were more consolidated by the later experiments on investigating the filtration 

efficiency of the membrane explained detailed in subsequent pages. 

 

 

Fig. 17 Fibre networking observed under 20 X magnification, of 5 % 

w/v + 0.4% Gly with muslin (1); Fibre networking observed under 10 X 

magnification of 5 % w/v without muslin. 
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4.6 Flux rate 

 

   

Serial No. Membrane type Flux rate 

1. 5% w/v + 0.4% (Gly) + muslin 10 ltr/h 

2. 5% w/v without muslin 9.74 ltr/h 

3. 5% w/v + muslin 5.39 ltr/h 

 

 

The addition of glycerol increased the flux rate, which can be rationally justified since the 

glycerol molecules entered between the adjacent fibres and reduced their hydrogen bonding, 

resulting in an increase in distance between two adjacent fibres and increased pore size, 

which ultimately raised the flux rate. 

The loading volume of treated fibres and the additional layer of muslin cloth used were the 

key determining factors for flux rate in the membranes where glycerol was not used as a 

plasticizer. As shown in the table, in the membrane with 5% w/v of bleached fibre 

additionally having a muslin support, the flux rate is significantly lower than the membrane 

prepared without any additional muslin support. 

 

Fig. 18 Temporary setup for flux rate determination 

Table 9 depicts the flux rate of different membranes 
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4.7 Filtration efficiency 

 

 

 

 

 

The filtration efficiency was tested by evaluating the rejection percentage of E. coli cells 

from the spiked distilled water using a UV-Vis spectrophotometer. 

  

 

               Rejection % =        

 

 

 

 

 

Control A600 – Sample A600 

Control A600  

X 100%  

Fig. 19 Filtration unit  
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                    Rejection% = 

 

 

When the H2SO4 concentration was increased during the acid hydrolysis treatment from 

2.5% v/v to 10% v/v for 3 hours, there was a considerable reduction in the size of the pores, 

which was evident from the increase in filtration efficiency. The most substantial effect was 

likely caused by an additional grinding step performed before sonication. Even though pore 

size analysis was not possible, the increase in filtration efficiency was indirectly correlated 

to a reduction in pore size. 

 

0
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0.01

0.015

0.02

0.025

0.03

Spiked Filtrate

0.03

0.015

Absorbance @ 600nm 

0.030 – 0.015 

0.030  

X 100% = 50 %  

Fig. 20 O.D. value of filtrate before & after filtration 
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4.8 Membrane filtration 

 

 

 

 

The membrane filtration study was carried out to further consolidate the evidence of 

filtration.  

Colonies were observed in both EMB mediums, as shown in figure 21. Colonies growth in 

the plates on which the prepared membrane was stroked up after filtration ensured that the 

membrane was able to filter some of the coliform from the spiked sterile distilled water 

which according to the UV-Vis Spectro analysis came out to be 50% of the total E. coli cells 

in the SSW.  

Due to the achievement of 50% filtration efficiency, growth was observed in the plates where 

filtrate was spread on the surface. Therefore, further refinement is required to double 

the membrane’s efficiency. 

 

 

 

 

Fig.21 Colony growth observed in EMB plates  

Membrane Filtrate 
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Chapter-5 

CONCLUSION 

With an alarming 25% of the global population compelled to consume water contaminated 

with faeces, particularly in impoverished or developing nations, immediate attention is 

needed to overcome such a crisis and provide potable water access to people at a reasonable 

cost. 

In this work, the previously stated issue was tackled by exploiting the intrinsic properties of 

the agro-waste banana pseudo stem, which is being discarded after a fruiting period of 9–12 

months. 

The prime focus while devising the methodology was to create a membrane with an effective 

cost without compromising its water purification ability. The methodology includes a 

combination of both chemical and physical approaches to effectively reduce the recalcitrance 

nature of the substrate so that the nanocellulose being isolated can be tailored to prepare a 

membrane with expected features. The objective was satisfied to some degree, as the 

efficiency of the membrane for water purification came out to be 50% for eliminating 

particulates up to 2-micron size. The additional introduction of the grinding step in 

conjunction with increased sulfuric acid concentration and treatment duration prior to 

sonication has led to major changes in the pore size of the membrane, as it was seen that 

efficiency increased by 14%. The major challenges while downsizing the cellulose 

microfibrils were primarily the lower flux output and brittleness of the membrane, possibly 

due to the elimination of the amorphous region of the cellulose chain, which were overcome 

to some degree using glycerol as a plasticizer. Further detailed investigation is needed to 

understand the membrane's changes in properties under different conditions and increase the 

system's efficiency.  
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