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Abstract 

The motivation of the current research work is to develop a suitable method for the 

separation of oil from oily wastewater. A bio dispersant and a polymeric membrane were 

developed for the treatment of oily wastewater. The dispersant was developed by using a 

biopolymer as a bio-dispersant to stabilize crude oil. The polymeric membrane was 

developed using polyvinylidene fluoride (PVDF) and a lab-developed bioderived 

nanofiller, cellulose nanocrystal (CNC). Oligo lactic acid conjugate chitosan (OCH) were 

used as a bio-dispersant, an alternative to the synthetic chemical dispersant, which reduces 

the toxicity associated with chemical dispersants used in oil spill remediation. Results from 

the research indicate that by applying Xanthan gum (XG) and OCH, a considerably stable 

crude oil-in-water emulsion was obtained, which remains stable for more than 3 weeks, as 

confirmed by the optical microscopic image. XG was used to increase the viscosity of 

water, which helps in further stabilizing the oil droplets. Degradation of these stabilized 

emulsion droplets was also carried out by isolated bacteria Pseudomonas aeruginosa CoE-

SusPol3. The degradation percentage obtained from gas chromatography (G.C.) analysis 

for the stabilized emulsion is 74.31%, whereas the unstabilized emulsion is 34.06%. The 

in-situ production of biosurfactants from the isolated bacteria also assisted the degradation 

process by decreasing the surface tension of the crude oil. This research work addressed in 

this thesis also discussed the use of CNC as a bionanofiller, an alternative to the inorganic 

filler in the membrane. CNC was modified to form magnetic CNC (FeCNC) by single-step 

co-precipitation method, and a thin film membrane was prepared by adding FeCNC into 

the PVDF matrix. Detailed characterization for morphology, wettability, porosity and 

performance analysis was carried out for the composite membranes. For comparison, 

PVDF membranes with CNC were also prepared, and its detailed characterization and 

performance analysis were carried out. Further, the application of a magnetic field during 
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membrane formation gives a new dimension to understanding the magneto-responsive 

behaviour of FeCNCs for orientation at the surface of the membrane. More prominent 

finger-like structures were obtained for the PVDF/FeCNC membrane. This migration of 

FeCNCs to the surface improves the hydrophilic property of the membrane and thus results 

in superior antifouling properties. This current research helps in understanding the 

application of biomaterials for treating oily wastewater and how a bio-based material could 

be a potential and sustainable solution for treating oil spills instead of using harmful 

synthetic chemical dispersants. The reported findings also give an idea for the improvement 

of properties of the membrane by application of surface modification of the CNCs and how 

CNCs can be oriented at the surface of the membrane to improve the performance. 
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Introduction and Literature Review 

This chapter discusses the causes and effects of oily wastewater and the different methods 

available for its treatment. The toxicity associated with chemical dispersants used in oil 

spill remediation is highlighted, and the use of bio-dispersant as an alternative to chemical 

dispersants is being discussed. A detailed discussion on the use of the polymeric membrane 

for oil-water separation was presented. This chapter briefly summarises the fundamentals 

involved in membrane separation technology and a literature review of the polymer used 

to fabricate polymeric membranes. A brief review of the different fabrication techniques 

and the major problem associated with the polymer membrane during oil-water separation. 

This chapter also covers the state-of-the-art in the application of different nanomaterials 

with polymeric membranes to improve the properties of the membrane for application in 

oil-water separation. In the last section, the application of cellulose nanocrystals in the 

polymeric membrane is discussed, and lastly, the objectives of the present work and the 

outline of the thesis are highlighted. 
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Pankaj Boruah, Pradyut Dhar and Vimal Katiyar, Nanocellulose-based composites for 

applications as catalysts and pollutant remediation. Book: Cellulose Nanocrystals, (2020) 
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 Oil-Water Separation: Introduction 

Water pollution is a major issue all over the globe due to the input of pollutants from various 

sources like household works, industrial waste, and as well as petroleum industries; the 

level of contamination in water bodies is increasing day by day. The rapid growth of 

industries like mineral extraction and processing, dyeing, electroplating, petrochemicals, 

oil and gas production, etc., has led to the release of enormous wastewater every day, 

causing a severe shortage of freshwater. A considerable amount of oil/oily wastewater is 

being released into the water bodies from these different industries and from oil spill 

accidents during transportation and processing. Petroleum industries specifically generate 

a substantial amount of oily wastewater; treating this oily wastewater is still a major 

challenge. These also include produce water that comes from the oil well during drilling 

and production activities, which contains a wide range of pollutants like heavy metals, 

dissolved organic matter, and dissolved and undissolved oils [1]. Oils and petrochemical 

hydrocarbons can also contaminate water bodies by terrestrial runoff from industrial 

sources and municipal and automobile service stations.  In general oil concentration of 600–

1500 mg/L or higher in present in the effluent released from oil refineries [2]. The sources 

(Figure 1.1) also include waste products from agriculture and food processing facilities, 

such as edible oil refineries, restaurants and catering industries [2]. As a result of this runoff, 

rivers, lakes, and other water bodies may finally be contaminated with oil. It would be a 

serious concern for the environment and ecosystem if adequate measures were not taken to 

separate these oils from oily wastewater [3,4]. These residual oil pollutants obstruct 

sunlight from entering water bodies, decreasing dissolved oxygen concentration and 

making the water unsafe for habitation. Some chemical compounds associated with these 

wastewaters, if not treated properly, can persist in the aquatic environment for a prolonged 

period, leading to long-term and short-term environmental damage. Also, with the rapid 
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growth of the global population and deteriorating climate change, the availability of fresh 

water is increasingly scarce, causing a major challenge to meet the future demand for 

domestic and industrial water. As per the Central Pollution Control Board's Environment 

(Protection) Rules of 1986, regulations governing effluent discharge are differentiated for 

offshore and onshore activities. For offshore discharge, the stipulated limit for oil content 

in treated effluent stands at 40 mg/l for 95% of the observations, with a strict maximum 

threshold of 100 mg/l. This stringent control is designed to ensure that offshore discharges 

have minimal environmental impact. And, for onshore discharge, a more stringent 

restriction is imposed, with a concentration not exceeding 10 mg/l for Oil & Grease in the 

effluent. These regulations are established to uphold water quality standards and safeguard 

the environment, with the stricter onshore limits aimed at reducing the ecological footprint 

of industrial effluents on local ecosystems and surrounding water bodies. These rules 

underscore the commitment to maintaining a balance between industrial processes and 

environmental preservation in line with the principles of sustainable development. 

Treating of the oily wastewater is crucial as it affects not only the aquatic ecosystem and 

wildlife but also human health and the economy. Public health may be impacted by 

exposure to such contaminated water, particularly in areas where residents depend on such 

sources of water for their daily requirements. Additionally, a decline in crop production, 

tourism, fishing, and other water-based industries can result from contaminated water 

bodies, which can have a negative impact on the economy of that region (source and the 

effects are oily wastewater summarized in Figure 1.1) [5]. Oily wastewater frequently 

produces stable oil-in-water emulsions, and the emulsified oil typically has particles that 

are between a few hundred nanometers to tens of microns in size. Additionally, these oil 

pollutions comprise complex organic solvents in addition to other types of oil-water 

mixtures. Hence, getting these emulsified oils to be separated out of water is challenging. 
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As a result, given the environmental and other issues created by oil pollution, developing 

better technologies for oil-water separation has emerged as a topic of growing importance 

in both the business sector and the scientific community. Currently, available 

separation/treatment methods include the combustion of oils [6], the use of dispersants [7], 

and the use of mechanical devices such as skimmers and booms [8]. Chemically coated 

mesh, different membranes and porous sponge-like materials are also ideal for separating 

oil from oily wastewater [9,10]. However, mesh and some membranes are capable of 

removing the large size droplets (>150 µm), and because of the hydrophobic nature of some 

of the adsorbents, it adsorbs water along with the oil. In order to overcome these limits, 

various methods are adopted, such as chemical modification, surface coating, and altering 

the surface texture by changing the surface chemistry of such adsorbent or membrane. 

Developing an environmentally acceptable method for treating and disposing of oily 

wastewater is a great challenge for E&P industries. Due to the hazardous nature of this oily 

wastewater, treatment is of utmost importance. Gravity settling, coagulation, skimming, 

coalescence, hydrocyclones, etc., are not effective enough to separate emulsified oil from 

water. Also, these conventional methods used for oil separation are not efficient enough to 

completely remove all the oil from the water [11]. Moreover, they have several inherent 

drawbacks, such as high manufacturing costs, high energy requirements, the release of a 

secondary pollutant, high maintenance and operating cost, and the presence of toxic 

chemicals. 

Over the past decade, there has been a significant increase in research focusing on 

engineering, materials science, and chemical engineering to create different types of 

superhydrophobic and superhydrophilic materials, including nanofibers, nanomaterials, 

etc. These materials are intended for use in the fabrication of adsorbents, membranes, 

aerogels, meshes and a range of other porous materials. For large volumes of spilled oil, 
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which accumulates and remains in the water bodies, the application of chemical dispersant 

is the most widely and immediate method followed. 

 

Figure 1.1: Source and effects of oily wastewater 

Stabilization and treatment of oil droplets by chemicals have been in use for centuries, but 

the impact of such chemicals will pose chronic effects on the ecosystem [12,13]. 

Dispersants are generally surfactants that have both lipophilic and hydrophilic parts 

attached at the oil-water interface and reduce the crude oil-water interfacial tension [14]. 

However, chemical dispersants used are toxic for aquatic life, not readily biodegradable, 

and some by-products formed during their manufacturing are hazardous to the environment 

[15]. Literature suggests that the toxic effect of the most commonly used chemical 

dispersant is Corexit 9500A, and it is reported that it is highly toxic to marine life. The 

crude oil dispersed with Corexit 9500A is more harmful than raw crude oil [12,16]. More 

often, the droplets formed by the application of this dispersant are less stable and coalesce 

quickly due to an inadequate electrostatic repulsive barrier [7,17]. Another chemical 

dispersant, Corexit 9580, contains 2-butoxyethanol, which was known to be carcinogenic 

[18,19]. Peter G. Wells also reported that the chemical dispersant used in the 1967 Torrey 

Canyon oil spill was toxic to the aquatic species [20]. Moreover, the application of these 

chemical dispersants also inhibits the activity of oil-degrading microbes [21]. Hence, the 
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utilization of less detrimental dispersants is of great importance, and therefore there is a 

need for the development of eco-friendly bio-dispersants with good dispersion efficacy. 

The development of such environmentally benign alternatives holds immense significance 

in ensuring effective mitigation of environmental impacts while addressing the need for 

sustainable solutions for treatment of oily wastewater. 

 
Figure 1.2: Schematic for the mechanism of degradation of hydrocarbons by 

microorganisms, adapted from [22,23] 

Considering the acute and chronic effects caused by the chemical dispersants and spilled 

oil, the use of bio-dispersants and bioremediation plays a very important role and can 

replace the chemical remediation methods for such applications to retain the natural 

environment. Bioremediation is defined as the conversion of harmful chemicals, with the 

help of living organisms, into energy, biological waste products and biomass. The 

biodegradation also depends on the effect of temperature, change in physiochemical 
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properties, and rate of degradation of hydrocarbons by microorganisms [24]. Schematic for 

the mechanism of degradation of hydrocarbons by microorganisms is shown in Figure 1.2 

(adapted from E.S. Okeke et al. and N. Das et al. [22,23]). Organic pollutants were initially 

attacked by the microbes following an oxidative process; oxygenases and peroxidases are 

involved in the enzymatic reaction of activating and incorporating oxygen. Organic 

pollutants are gradually converted into intermediates, such as the tricarboxylic acid cycle 

(TCA), by peripheral degradation pathways (where C2, C6, C5, C4, etc. are the number of 

carbons in the intermediate products in the cycle). Some research demonstrated the capacity 

of some microorganisms to produce the bio-surfactant, which helps indirectly for the 

biodegradation of crude oil [15]. But for the removal of smaller droplets of oil remaining 

in the water, filtration is another approach that can separate oil from water based on droplet 

size and capillarity. Membrane filtration techniques are found to be more effective in such 

cases. Membrane separation technology for wastewater purification is gaining an additional 

reputation due to the low-cost and sustainable process of removing contaminants without 

producing harmful by-products [25]. Membrane-based separation has become the most 

anticipated and outstanding solution for treating emulsified oil in water. The membrane 

separation is highly attractive due to its efficiency in selectively separating oil from oily 

wastewater. It can offer numerous benefits, such as leaving zero or negligible oil in the 

water and reducing chemical usage. Apart from efficient separation, the membrane 

separation process can be easily scalable at a low cost compared to other conventional 

methods [26]. 

However, one of the major drawbacks associated with the membrane is its fouling results 

in a decline in flux with time, reduces the permeation rate, reduces the lifetime of the 

membrane and increases the energy required for operation [27]. In order to deal with such 

problems associated with the flux decline of the membrane, extensive research has been 
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carried out to improve the characteristics of membranes, which can be achieved through 

the development of new materials or surface modifications to conventional membranes 

[28,29]. The use of readily available, cost-effective hydrophilic materials is of research 

interest specifically applicable to separating oil from an oil-water mixture. As compared to 

other technologies, membranes in the microfiltration (MF) and ultrafiltration (UF) range 

can separate oil-water to a significant concentration and can even separate emulsified 

droplets [30]. It also has its intrinsic advantage, such as it does not require any additional 

chemical or thermal energy to break the emulsion. 

 Overview of Oil-Water Separation Technologies 

In this section literature review of the oil-water separation problem and different techniques 

presently used are being discussed, including the use of dispersant and bioremediation 

techniques to remove the oil from water. Initially, this section discusses about different 

available methods for the separation of oil from oily wastewater followed by discussion on 

application of bio-dispersant for oil-water separation. In the subsequent section, the use of 

membrane separation processes to treat oily wastewater is discussed in details. Membrane 

separation processes is now becoming an emerging technology due to its high removal 

efficiency and ease of operation. Most importantly, the focus is on developing a new 

polymeric membrane type with desired hydrophilic or oleophobic or vice versa 

characteristics, which is becoming an attractive option. An attempt is being made to 

develop a comprehensive understanding of the properties of polymeric membranes to treat 

oily wastewater. 

In order to address the problem of oil-water separation, there are many technologies and 

methods available, as presented in Figure 1.3. The key factor governing the use of methods 

lies in the size of oil droplets dispersed in the water bodies. Varieties of mechanical devices, 

such as booms and skimmers, are used to remove oil from water bodies; however, these 
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methods are only capable of removing larger oil droplets (>150 µm). These methods also 

require a high amount of energy and cost. Based on the diameter (d) of the oil droplets, 

Cheryana M. and Rajagopalan N. reported that oil-water mixtures can be divided into three 

categories [31]: 

a) Free mixtures d > 150 µm  

b) Dispersions 20 < d < 150 µm 

c) Emulsions d < 20 µm 

Emulsions can be further classified as oil-in-water (dispersed phase: oil, continuous phase: 

water) or water-in-oil (dispersed phase: water, continuous phase: oil). For the primary 

treatment of oily wastewater, gravity separation techniques are used, which are efficient for 

the removal of free oil from water. Other methods to remove free oil and oil in the 

emulsified form include coagulation, hydrocyclones, ceramic or polymeric membrane 

filtration, in situ burning, mechanical methods, chemical treatments, bioremediation, and 

adsorption [32]. The important parameters to be considered before choosing a method 

depend on the oil and particulate rejection, energy requirement and cost. All commonly 

available methods have their own advantages and disadvantages; a summary of different 

methods and their advantages and disadvantages is represented in Table 1.1. 

 

Figure 1.3: Some of the commonly available oil-water separation methods
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Table 1.1: Comparison of various oil cleanup methods [33,34] 

Classification Examples Advantages Limitations Environmental impact Cost 

In situ burning Combustion Effectively removes large 

volumes of oil 

Environment and safety 

concerns 

Formation of large 

quantities of harmful 

smoke and viscous residues 

after combustion 

Cheapest 

Mechanical 

methods 

Skimmers, booms Efficient Labor-intensive, time-

consuming 

Friendly 
Expensive 

Chemical 

treatments 

Use of dispersants or 

solidifiers 

Simple operation, suitable 

to treat a large polluted 

area 

Little effect on very 

viscous oil, ineffective in 

calm water, high initial 

and/or running costs 

Being harmful to aquatic 

organisms 
Expensive 

Bioremediation Microorganism 

degradation 

Good oil-removal 

efficiency, low operation 

cost 

Ineffective in spill with 

large coherent mass 

Friendly 

Cheap 

Adsorption Use of oil sorbents 

(fly ash, sand, 

exfoliated graphite) 

Good oil-removal 

efficiency, simple operation, 

practically feasible, less 

secondary pollution 

Labor intensive Friendly, its biodegradation 

depends on the used 

sorbents 

Cheap 
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A method for containing and cleaning up crude oil spills is in-situ burning. This method is 

comparatively cheap compared to other oil spill response techniques; it is frequently 

utilized as a last resort. Water density, oil kind, and weather are some of the variables that 

impact how effective it is. Despite its success, burning the spilt oil has raised questions 

regarding the emissions and residues that result, including how they will be transported and 

what will happen to them, also causing potential harm to the environment, biodiversity, and 

public health. Many developing nations lack the necessary legal frameworks and 

contingency planning to monitor in-situ burning properly, making the practice dangerous 

to society. Therefore, further research and development are required to develop an 

alternative method to lessen the harmful effects of oil spills on the environment and human 

health [35]. The mechanical method of removing oil from oily wastewater includes the use 

of specialized equipment like barriers, booms, and skimmers. Utilizing mechanical 

techniques has the benefit of retaining the characteristics of the oil. As a result, it can still 

be improved upon and used in the future, cutting down on waste and possibly averting 

financial losses. However, the efficiency of these techniques is based on variables including 

weather and sea conditions, the type of oil that has leaked, and the encounter rate. These 

methods also demand significant financial expenditure and logistical assistance. Moreover, 

if the recovered oil is not suitable for reuse, then disposal of it is also a major concern [36]. 

Moosai R. and Dawe R. A. [37] investigated gas flotation as a technique for treating oily 

wastewater. The experimental findings demonstrate how flotation may more effectively 

remove oil droplets from wastewater when gas bubbles are attached to them. The studies 

also demonstrate that the addition of surfactants can strengthen the bond between gas 

bubbles and oil droplets even further. The study examines the application of gas flotation 

for the treatment of oily wastewater and highlights the importance of gas bubble size and 

quantity in determining the effectiveness of the procedure. Gas flotation can maintain 
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effluent oil contents below 40 mg/l if it is correctly built and managed. The method, 

however, only works with oil droplets larger than 20 µm, and chemical additives are 

frequently needed for it to function properly. It is also challenging to extract dissolved oil 

using the gas flotation method, and emulsified oil is often removed via chemical pre-

treatment. The production of smaller microbubbles needs more energy and materials, which 

might increase the cost of the procedure. Furthermore, it may be challenging for the 

microbubbles to bind to the oil and remove it from the wastewater if they are smaller than 

the oil droplets [38]. Hydrocyclone is another useful device for separating free oil and water 

because it has a high processing capacity, easy to use, and requires little maintenance. The 

hydrocyclone is an economically feasible option because of these benefits. However, both 

geometric and operational parameters, including the equipment's dimensions, fluid 

characteristics, solids concentration, high intake pressure, unsuitable for stable emulsions 

and heavy oils (small-size droplets) have an impact on the hydrocyclone's efficiency. 

Despite its usefulness, the hydrocyclone has been demonstrated to be inefficient when 

separating oil droplets with small diameters and low oil concentrations [39]. 

The chemical method is another option for cleaning up oil spills/oily wastewater or 

sometimes as a supplement to mechanical oil cleanup techniques. Chemical processes try 

to alter the chemical and physical characteristics of oil to make it easier to remove or 

manage. The use of chemical dispersants is the most common method, which is generally 

a surfactant mix that lowers the interfacial tension between oil and water [40]. The oil is 

subsequently broken down into tiny droplets and spread throughout the water column. 

However, the use of dispersants is a sensitive matter because it may harm the environment. 

Dispersants are typically utilized in big oil spills if the advantages of breaking down and 

dispersing outweigh any potential risks caused by it. Examples of other chemical methods 

include emulsion breakers, which are used to break water and oil emulsions, gelling agents, 
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bioremediation chemicals that accelerate the biological breakdown of oil, burning agents, 

neutralizing agents, and sinking agents. These substances are used to alter the physical and 

chemical characteristics of the oil and make it simpler to handle [41]. As discussed in 

section 1.1, the use of these chemical dispersants poses a significant threat to the 

environment, and few such non-toxic materials were explored as bio-dispersants for oil 

spills, such as biopolymers, cellulose nanocrystals (CNC) and lecithin [12,42,43]. The 

application of such bio-dispersants also assists the growth of oil-degrading bacteria for the 

biodegradation of crude oil. For example, microorganisms such as Bacillus subtilis and 

Bacillus methylotrophicus are capable of producing surfactants and are able to degrade 

crude oil [15,44]. So, the application of bio-dispersants and bioremediation is getting more 

attention as an alternative method to solve the oil spill problem as it has the advantage of 

being low-cost and environment friendly [45]. Therefore, there is increasing demand to 

explore green, facile, and eco-friendly bio-dispersants to treat oil spills. For this reason, the 

wise way is to explore the use of readily available bioderived materials with low toxicity 

as bio-dispersants that are easy to scale up for the removal of oil spills. 

Venkataraman P. et al. [43] synthesised low molecular weight Hydrophobically Modified 

Chitosan (LHMC) and high molecular weight Hydrophobically Modified Chitosan 

(HHMC). LHMC was used to stabilize the crude oil droplets, significantly improving its 

stability and bacterial remediation. The study aims to reduce the use of chemical dispersant, 

which has a severe impact on the environment. However, the work does not talk about the 

complete abolition of chemical dispersants; LHMC and HHMC were used along with the 

chemical dispersant Corexit 9500A. HHMC was used to immobilize the oil droplets by 

increasing the viscosity of the dispersed phase. Tamer T. M. et al. [46] have developed an 

amphiphilic Chitosan-g-Octanal Schiff base material used for the adsorption of crude oil 

from seawater. Chitosan is reacted with octanal with varying amounts of octanal ranging 
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from 38% – 82% to form the desired compound. Compared to pristine Chitosan, the oil 

adsorption capacity for Chitosan-g-Octanal was improved by 167% and 110%. 

Chen Z. et al. [47] developed a novel method for the removal of oil from oil-contaminated 

shorelines using a combination of chitosan and rhamnolipid complex (CS/RL) dispersion 

with a pH-responsive property. The developed method was found to be efficient in 

removing oil from sand, even at varying levels of oil content. Using rhamnolipid alone is 

less efficient compared to the CS/RL complex dispersion. CS/RL complex showed higher 

oil removal capabilities due to its improved emulsification abilities. However, the pH-

responsive nature of CS/RL complex helps in separating oil and water at different pH. 

Chitosan aggregates and precipitates around oil droplets, facilitating oil-water separation. 

This novel complex shows promising characteristics for efficient and environmentally 

friendly oil spill response strategies. 

Wang A. et al. [48] used xanthan gum (XG) as an additive with chemical dispersant for oil 

spill treatment. The dispersion efficiency of crude oil and the stability of the oil droplets 

were improved. Their results also indicate that the rate of biodegradation by bacteria also 

increased when XG was used along with chemical dispersant 9500A. Thus, this work 

suggested that the use of XG along with dispersant can be an effective solution to enhance 

the oil droplet stability and degradation of crude oil. XG was also used with silica 

nanoparticles for stabilization of oil droplets, which in turn helps in favourable degradation 

of oil droplets. A stable oil in water emulsion can be formed with a small amount of silica 

nanoparticle in the presence of XG [49]. 

 Membrane-Based Separation of Oil-Water 

Membrane separation techniques for the separation of the oil-water system have become 

increasingly attractive due to their ability to efficiently separate both the components along 
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with the other contaminants, their affordability, and the increase in the application for large 

scale. Several notable advantages include the following [50–52]: 

 The simplicity of operation and maintenance, allowing for continuous separation 

with minimal effort and low cost 

 Easy control and operation, low energy consumption, and a more compact overall 

system 

 Environmental friendliness, as membranes are usually made of nontoxic materials 

 Energy efficiency, since separation can be achieved at room temperature 

 The ability to recycle substances without the need for additional chemicals 

The application of membrane-based processes for oily wastewater treatment is widely used 

for oil-water treatment, with cost-effective polymeric MF/UF and reverse osmosis 

(RO)/nanofiltration (NF) membranes available [53,54]. However, efficient separation of 

oil-water requires a highly hydrophobic or hydrophilic membrane with robust mechanical 

properties and high thermal and chemical stability. The use of polymer membranes for oil-

water separation is one of the deep-rooted interdisciplinary research areas with considerable 

challenges. Membrane-related research is being conducted to find an effective solution for 

the problem of oil-water separation and other contaminants removal from polluted water to 

make it usable.  

 Polymers Used for Fabrication of Membranes 

A membrane can be fabricated from different types of materials; most commonly, it 

includes polymers and ceramics. Polymeric membranes are widely used in membrane 

separation processes because of the advantages of their ability to separate dispersed and 

emulsified oil particles with high efficiency. These membranes are flexible, tough, cost-

effective and require less energy than ceramic membranes [55]. It has been widely used for 
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the separation of oil and water; some of the common polymers that have been used to 

prepare membranes are polyacrylonitrile (PAN) [56], polysulfone (PSf) [57], 

polyvinylidene fluoride (PVDF) [58], cellulose acetate (CA) [59], and polyethersulfone 

(PES) [60]. However, the polymeric membrane also has some disadvantages, like being 

prone to fouling more quickly; as a result, flux declines while treating oil and water systems 

and shows less stability for some volatile compounds. Therefore, several types of research 

are being carried out worldwide with different approaches to address these issues, such as 

altering the surface properties by physical or chemical methods and adding antifouling 

agents. For oil-water systems, it is evident that the addition of a hydrophilic component on 

the membrane reduces the adhesion of oil to the surface, which results in the reduction of 

fouling [61–64]. 

Liu et al. [65]  prepared a membrane from polyvinyl chloride (PVC) and chlorinated 

polyvinyl chloride (CPVC), which was used for UF. To improve the permeability, 

polyethylene glycol (PEG2000) and polyethylene oxide-polypropylene oxide-polyethylene 

oxide triblock copolymer (Pluronic F127) were used as both pore-forming agents and 

surface modifiers. Blending with CPVC improves the water flux of the membrane, and 

Pluronic F127 have excellent antifouling property. PVC and CPVC are completely miscible 

and are lower priced than other common polymers like PAN and PSf. Zhang et al. [66], in 

another study, employed a salt coagulation bath, which enhances the morphological 

structures and properties of PVC membrane. In their study, Pluronic F127 was also blended 

with PVC, which improves the hydrophilicity of the PVC membrane, and the salt 

coagulation bath helps in pore-forming with a remarkable surface porosity of 7.2% and 

water flux of 1405 L/m2h bar. 

Ahmad et al. [67] prepared a low-cost PVC/bentonite blended UF membranes using 

different inorganic salts (i.e., NH4Cl, NaCl, KCl, MgCl2 and CaCl2) in the coagulation bath 
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for the treatment of oilfield-produced water. The use of different inorganic salts helps in 

the improvement of surface pore density and hydrophilicity with a water contact angle 

(WCA) of 60.1° with antifouling characteristics. The maximum permeation flux of 421.3 

L/m2h is achieved using PVC-loading-15.01 g, bentonite-loading-1.37 g, membrane 

thickness-100 µm, pH-9 and TMP-250 kPa, while maximum oil rejection is 98.6% at PVC-

loading-18.0 g, bentonite-loading-0.0 g, membrane thickness-250 µm, pH-5.1 and TMP-

54.4 kPa. 

Zhao et al. [68] modified the PVC UF membrane with graphene oxide (GO) via the phase 

inversion method. The incorporation of GO leads to an improvement in the hydrophilicity 

of the membrane, and it also improves the mechanical properties. With 0.1% of GO, the 

pure water flux (PWF) increased from 232.6 L/m2h bar to 430.0 L/m2h bar. This is mainly 

due to the presence of hydrophilic functional groups on the surface of GO. The flux 

recovery ratio of the hybrid membranes blended with 0.10 and 0.15 wt% GO were 70.4% 

and 75.9%, respectively, which is much higher than that of the pure PVC membrane (only 

41.8%), representing the improved antifouling property. 

Zhang et al. [69] blended an amphiphilic copolymer to PES to fabricate a low-oil fouling 

membrane through the phase inversion technique. The amphiphilic copolymer [poly 

(carboxyl betain methyl acrylamide-co-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl 

acrylate) P(CBMA-co-TFOA)] was synthesized by free radical polymerization and 

subsequent quaternization reaction. The membrane exhibits a flux recovery ratio of 99.3% 

and enhances the oil-fouling resistance as compared to the PES membrane. In another 

attempt, the same research group blended amphiphilic comb copolymer with mixed PEG 

and polydimethylsiloxane (PDMS) brush, which has mixed hydrophilic and low surface 

energy side chains. The antifouling property of the blend membrane improved by 31.3% as 

compared to the pristine PES membrane, with a flux recovery rate of 96.6%. The prepared 
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membrane was tested for three cycles of bovine serum albumin (BSA) filtration (a model 

fouling agent) and found to be stable after three cycles [70]. 

Mansourizadeh & Azad [71] blended PES with cellulose acetate to improve the 

hydrophilicity of the membrane and the structure to promote oil-water separation. A phase-

inversion promoter PEG-400 was added to the solution, which also acts as a pore-forming 

agent to produce highly permeable membranes. The prepared membrane has a thinner skin 

layer and larger pore sizes. The optimum concentration of CA was found to be 17% for the 

PES/CA blend membrane, which shows higher water flux and lower fouling rate than the 

pure PES membrane. 

Song et al. [72] reported a two-pot coating process with Tannic acid (TA) and ferric ion 

(Fe III), which transform polypropylene (PP) membranes into superhydrophilicity. PP 

membrane was first immersed in TA, and then Fe III, respectively, and this membrane also 

shows superoleophobicity underwater, having a water contact angle of 0° and water 

permeability up to 7092.6 ± 216.1 L/m2h bar, which is significantly higher than the one-

pot modified membrane. This membrane has an excellent oil-water emulsion separation 

ability, and it took about 15 min for the treatment. The presence of large amounts of massive 

hydroxyl groups on the membrane facilitates improving surface hydrophilicity. A dead-end 

filtration setup was used for measuring the separation performance. 

Kansara et al. [73] modified the PP membrane to be superhydrophobic by a facile one-step 

dip-coating method in which the PP membrane was dipped in a coating solution for 10 min 

for optimal sorption uptake. The coating solution contained silica nanoparticles networked 

with alkyl siloxanes, where silica particles were dispersed in toluene solution and sonicated 

for a sufficient time at room temperature, followed by the addition of trichloro(alkyl)silane 

dropwise. The dipped PP membrane was removed from the solution and dried. They 
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claimed it to be a recycled membrane with a water contact angle of 150° with the efficacy 

of separating oil with 99% oil purity from the mixture. The separation is a simple gravity-

induced separation process. The main reason behind the superhydrophobicity of the 

membrane is described as the arrangement of the silica nanoparticles on the PP substrate. 

Yang et al. [74] demonstrated a membrane modification process in which the PP membrane 

exhibits superhydrophilicity and underwater superoleophobicity. The process involves 

decorating the membrane by silicification process where PDA/PEI-deposited membranes 

are dipped in silicification solution. This membrane shows a high-water permeation flux 

higher than 1200 L/m2h under 0.04 MPa. A dead-end filtration apparatus (Millipore) was 

applied to measure the permeate flux (the diameter of the membrane is 25 mm), and the 

trans-membrane pressure was adjusted by a nitrogen tank. They claimed that this membrane 

has a high breakthrough pressure of up to 0.16 MPa, which can be applied for industrial 

applications. 

Jiang et al. [75] developed a hydrophobic PP fibre membrane by chemical vapour 

deposition (CVD) technique, where hydrophobic silanes were deposited on the surface of 

commercially available PP fibres. The superhydrophobic surface of the PP surface shows 

a WCA of 156°, and this material selectively absorbs oil from water with good performance 

after repeated use. Prior to CVD, PP fibre was etched by H2SO4 and then immersed in SiO2-

GO suspension, where graphene GO sheets were used as a substrate for the deposition of 

SiO2 nanoparticles. The prepared material also shows good stability towards high-

temperature applications like oil separation from hot water. The authors claimed that it is 

inexpensive, reproducible, and suitable for different organic solvents. 

Himma et al. [76] prepared a hollow fibre membrane from PP through the dip coating 

process. PP hollow fibre was immersed in a PP solution and withdrawn at a constant speed. 
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It follows a two-step dip coating process where PP hollow fibre is first immersed in a non-

solvent solution and then in a PP solution. The solution concentration, dip time, temperature 

and other parameters were properly optimized to obtain a homogeneous coating. This 

process results in the development of a high hydrophobic PP membrane with a WCA of 

151.3°. The modified membrane is capable of separating oil from water, but it gives a lower 

flux than the unmodified membrane. 

Han et al. [77] applied a dip coating method of polyester, polyethylene terephthalate (PET) 

and PP membrane to make it a superhydrophobic and superoleophilic membrane for 

efficient separation of oil and water. The surface of PET and PP membranes was modified 

by the deposition of P-SiO2 nanoparticles, and PDMS was used as a binding material. After 

the hydrophobic dip-coating process, the water contact angle of both PET and PP samples 

increased from 143° and 150° to 162° and 155°, respectively, due to the deposition of the 

P-SiO2 nanoparticles on the surface. It was also observed that P-SiO2 is more firmly adhered 

to the surface of PET than PP due to the strong chemical interaction between PET and 

PDMS. However, to increase the oil separation efficiency, the viscosity of the oil should 

be reduced for a given membrane thickness. 

Zhang et al. [78] fabricated a membrane by coating PET fabric with graphene nanoplatelets 

(GNs) on one side and phosphoric acid (HP) grafted on the other side. The process employs 

high temperature and high pressure. This results in a heterogeneous wetting capacity of the 

membrane where the GN coating side is hydrophobic and the HP grafted side is 

hydrophilic. Thus, the water can pass through the membrane from the hydrophobic side to 

the hydrophilic side and prevent it from entering through the membrane from the 

hydrophilic side. The developed membrane has a high water flux of 2073 ± 207 L/m2h with 

a separation efficiency of more than 99% for both oil and water with several repetitive 
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cycles. Thus, it claims that the obtained Janus membrane has excellent separation capability 

for separating the layered oil-water mixtures and possesses wonderful recyclability. 

Several researchers also reported about the polymeric coating on different membranes, wire 

mesh, nonwoven fabrics, etc. or coating polymeric membranes with different organic or 

inorganic materials to obtain hydrophilic and oleophobic characteristics, which can be 

utilized effectively in separating oil-water mixtures. Chen & Xu [79] reported a 

superhydrophilic membrane prepared by depositing CaCO3-based mineral coating on poly 

acrylic acid (PAA)-grafted PP membrane, which is capable of separating oil-water 

effectively. The prepared MF membrane can separate a range of oil-water mixtures with a 

high water flux of more than 2000 L/m2 h with an efficiency greater than 99%. The mineral 

coating on the membrane surface traps abundant water in its rough surface and forms a 

hydrated layer on the pore surface, imparting low oil adhesion due to low fouling. PAA 

was grafted on a microporous PP membrane using a photoinitiated graft polymerization 

reaction, and CaCO3-based mineral coating was done by dip coating alternately in CaCl2 

and Na2CO3 aqueous solutions for ten alternate soaking processes. Benzophenone in 

heptane was used as a photoinitiator solution for the polymerization reaction where the PP 

membrane was dipped for 2 h and then immersed in acrylic acid (AA) solution, followed 

by exposure to UV light to form PAA-grafted PP membrane. PAA and CaCO3 (intrinsically 

hydrophilic) improve the hydrophilicity of the membrane [80]. 

Crick et al. [81] prepared a superhydrophobic polymer coating which was applied on a 

copper mesh that can be utilized as a membrane for efficient separation of oil-water. 

Silicone elastomer (PDMS) films were coated on the copper mesh by aerosol-assisted 

chemical vapour deposition. The WCA increases to 20° after coating, and it can easily 

handle large volumes of water. In another attempt, Guo et al. [82] reported coating of 

stainless-steel mesh by spray-coating polyhedral oligomeric silsesquioxane (POSS) hybrid 
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acrylic polymer. The coated mesh shows superhydrophobic-superoleophilic, which was 

utilized for the separation of an oil-water mixture. The coated mesh shows a water contact 

angle of 153° and can separate a series of oil-water mixtures, such as n-hexane, isooctane, 

petroleum ether, kerosene, and vegetable oil, with separation efficiency of nearly 99% and 

retain its efficiency even after use for 25 cycles. Chen et al. [83] also reported highly 

efficient and robust oil-water separation materials based on stainless steel wire mesh coated 

by reduced GO. First, the GO was coated on the commercially available wire mesh; after 

that, the GO-coated mesh was treated with O2 plasma from the back side to open the pores. 

Further, the GO-coated mesh is subjected to thermal annealing at 200 °C for 2 h to form 

stable superhydrophobic reduced graphene oxide coating. The coated mesh shows stable 

superhydrophobicity under long-term storage and excellent resistance to high temperatures. 

Among different types of membrane materials available, PVDF is considered as an ideal 

material due to its outstanding chemical resistance, thermal stability, mechanical durability 

and good membrane-forming ability. PVDF is semi-crystalline with good strength and 

flexibility. The mechanical strength of PVDF is due to its crystalline phase, and flexibility 

is due to its disordered phase [84]. It can dissolve in organic solvents like N, N-

dimethylformamide (DMF), N, N-dimethylacetamide (DMAc) and N-methyl-2-

pyrrolidone (NMP), and membrane can be prepared by well-known industrially scalable 

phase inversion method [85]. However, the hydrophilic nature of PVDF makes it more 

susceptible to fouling with interaction with the foulant present in wastewater [86]. Different 

modification techniques were applied to improve the performance and antifouling 

properties of the PVDF membrane. The surface roughness and contact angle of the PVDF 

membrane increased by adding CaCO3 nanoparticles in the dope solution, and the 

membrane exhibited lower thermal loss when CaCO3 was added to it, resulting in a more 

thermally stable membrane [87–90]. Méricq et al. [91] entrapped TiO2 nanoparticles in 
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PVDF membrane in order to improve the fouling properties by the NIPS process. The 

membrane shows hydrophilic properties with improved permeability and limited fouling, 

thus reducing the frequency of cleaning. With the addition of 25 wt.% TiO2 permeability 

of more than 150 L/m2h due to the improvement of finger-like macro voids. The permeate 

flux of the modified membrane increases with exposure to UV radiation compared to a neat 

PVDF membrane. With a 10% TiO2 (contact angle ∼59.7°), the hydrophilicity is improved 

as compared to a neat PVDF membrane (contact angle ∼82.8°) [92]. Nowadays, the use of 

these inorganic nanoparticles is limited. More importance is given to the use of bioderived 

materials like lignin, cellulose nanofiber, CNC, and chitosan [93] in membrane preparation. 

A small percentage of CNC loading can improve the mechanical properties, and it is 

reported that with the addition of 1% CNC to PVDF, the tensile strength is improved by 

118% and 114% improvement in the tensile modulus [94]. Various properties of PVDF, 

like surface wettability, mechanical and thermal properties, can also be altered by 

incorporating an oxidized form of CNF (TEMPO-mediated Oxidized) and sodium 

hydroxide and cationization functionalized CNC with PVDF [95–97]. Recent literature 

reported the fabrication of an electrospinning PVDF membrane incorporated with CNC and 

its application in oil-water separation and power sensing. The membrane shows a 16% 

improvement in flux and is a promising material for the removal of oil from water [98]. 

Thus, PVDF, along with bio-based nanoparticles such as CNC, can be a potential material 

for fabricating composite membranes for water purification applications. Huang et al. [99] 

treated oily wastewater with a PVDF membrane which was grafted with 

polyvinylpyrrolidone (PVP). PVDF is inherently hydrophobic, which increases the chance 

of fouling; therefore, grafting of PVP imparts hydrophilicity to the membrane surface, 

showing a smaller contact angle than a neat PVDF membrane. It was also found that the 

average permeation water flux through the PVDF–PVP membranes was more than that 
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through the PVDF membranes. But fouling was still a challenging issue which was 

overcome by washing the membrane with 3 wt% NaOH aqueous solution. 

Obaid et al. [100] treated PVDF electrospun membrane with triethylamine (TEA) under 

reflux. The treatment alters the physiochemical properties of the membrane, which can be 

used for the treatment of oily wastewater and emulsions. Moreover, this membrane treats 

oily wastewater under gravitational force where no energy is required. It shows an 

outstanding flux of 20664 L/m2h with a separation efficiency of 99%. The average pore 

diameters for the treated membrane decreased by 28% compared to the pristine membrane, 

while the total pore area increased from 4.2 to 4.6 m2/g. PVDF membrane is hydrophobic 

with a WCA of 130°, and the modified membrane shows a WCA of 83°, which shows 

improvement in the hydrophilicity of the membrane. 

Li et al. [101] developed a PVDF membrane with opposite wettability on both surfaces. 

The difference between the contact angle of the opposite side is more than 150°. The WCA 

difference between the two sides is up to 150°, and this was achieved via one single-step 

unidirectional segregation strategy. They introduced a glycerol sacrificial coating on the 

nonwoven fabric support to control the one-way migration of the hydrophilic copolymer 

poly (vinylpyrrolidone-vinyltriethoxysilane) (PVP-VTES) during phase inversion. PVP-

VTES was solely migrated onto the top from the inside polymeric solution to form a 

superhydrophilic surface. The developed membrane exhibits excellent separation 

performances for both oil-in-water and water-in-oil emulsions with its switchable oil-water 

separation performance. A summary of PVDF membranes with different additives used for 

the separation of oil-water is presented in Table 1.2. 

Table 1.2: Comparison of the properties of PVDF membranes with different additives 

used for oil-water separation 
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Material 
Permeation flux 

(L/m2h) 

Pressure 

(kg/cm2) 

Separation 

efficiency (%) 
Reference 

PVDF/Al2O3/PVP/sodium 

hexaphosphate 
138.5 1 93.55 [102] 

PVDF 0.0051- 0.012 0.5 - 2.3 77 [103] 

Ag-epigallocatechin 

gallate-PVDF 
735 0.5 95.4 [104] 

Cellulose/electrospun 

PVDF-HFP 
124 0.6 90.1 [105] 

PVDF/TiO2/PVP 72.2 
vacuum 

pump 
> 90% [106] 

PVDF–b–P(PEGMA–co–

BVIm–Br) 
428 ± 2.6 5 96.1 ± 1.3 [107] 

PVDF/SNTs/PVP 220 1 94.2 [108] 

PVDF/SiO2/PVP 198 1 94.5 [108] 

PA@PEI/PVDF 12203.6 1 98.5 [109] 

ZVT/PVDF 180 1 93.82 [110] 

SYFZr-Tis/PVDF 300 1.5 90.63 [111] 

FePc/PVDF 125.9 1 96.7 [112] 

ZnO@PVDF Janus 

membranes 
1210 gravity 97.24 [113] 

PVDF/ZnO N/A N/A 96 [114] 

PMAPS-g-PVDF ~5000 1 99.3 [115] 

PVDF-NiNPs@Ag/C-

CNTs 
97 gravity 98.8 [116] 

PVDF-PDA-PEI 4.4 1 98 [117] 
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 Different Techniques for Fabrication of Polymeric Membranes 

This section discusses about the available techniques for the fabrication of polymeric 

membranes. For the preparation of polymeric membranes, a variety of fabrication methods 

are available, such as phase inversion, electrospinning, stretching, interfacial 

polymerization, track-etching, etc. However, the choice of techniques for membrane 

preparation depends on the materials that will be used and the desired structure that will be 

needed for the particular application. Such as factors like membrane material (polymer 

type), pore size requirement, and surface properties. Therefore, it is also essential to select 

the appropriate method and material to achieve the desired membrane for the specific 

application to which it is targeted. 

1. Phase inversion 

Phase inversion is a regulated transition from the liquid to the solid state of an initially 

homogenous polymer solution caused by the demixing of one or more solvents. This 

procedure involves either utilizing a non-solvent (such as water) or evaporating the 

solvent(s) in which the polymer is dissolved. This process is less expensive than other 

fabrication methods, and it is also a desirable and industrially practicable method. This 

method can be divided into various categories [118], including: 

a. Immersion precipitation/ Non-solvent induced phase separation (NIPS) 

b. Thermally-induced phase separation (TIPS) 

c. Evaporation-induced phase separation (EIPS) 

d. Vapour-induced phase separation 

a. Immersion precipitation/ Non-solvent induced phase separation 

Initially, a polymer solution is prepared, and this solution is cast on a suitable support and 

then submerged in a coagulation bath containing a non-solvent; an exchange of the solvent 
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and non-solvent occurs, resulting in the transfer of solvent to the non-solvent and the 

membrane is formed [119]. This process is known as NIPS, as shown in Figure 1.4. DMF, 

NMP and DMA are examples of regularly used solvents with a non-solvent, often water, 

as an affordable non-solvent during the process. 

 

Figure 1.4: Schematic of non-solvent-induced phase separation 

b. Thermally-induced phase separation (TIPS) 

This technique is based on heat transfer phenomena. It is one of the important methods for 

creating membrane and microcellular foam. Evaporation, extraction, or freeze-drying are 

used in this method to remove the solvent from the polymer solution [120]. In order to 

create a homogenous polymer solution, a solvent and polymer are combined at a high 

temperature, and then the phase separation is caused by cooling the solution. By using the 

right cooling procedures, a microporous membrane with regulated pore size, low defect 

tendency, and both isotropic and anisotropic topologies can be produced. TIPS method is 

used to prepare polymeric membranes from various polymers like polyethylene, poly 

(ethylene-co-vinyl alcohol), polymethylmethacrylate, PP, and many other materials 

[121,122]. 

c. Evaporation-induced phase separation (EIPS) 

This method involves dissolving the polymer in a solvent (or in a binary or ternary mixture 

of solvents), and a less volatile non-solvent, a viscous polymer solution, is first created. 
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The produced polymer solution is subsequently cast using a doctor blade process on a flat 

porous substrate [123]. The solvent from the cast solution on the porous substrate 

evaporates, leaving behind a thin film. With solvent evaporation, the non-solvent enriched 

droplets enlarge and coalesce, and the polymer solution separates into a polymer-rich 

phase, and a polymer-lean phase and the non-solvent enriched droplets are finally removed 

in order to create the porous membrane [124]. 

2. Stretching  

This is a mechanical method for membrane preparation, where stretching is applied either 

uniaxially or biaxially (Figure 1.5). This technique involves stretching a thin sheet of 

extruded polymer sheet to generate the pores. For the manufacturing of membranes, the 

stretching process does not require any solvent. This method is suitable for preparing 

membranes from high-crystalline polymers. The polymers are stretched to produce 

membranes, with the crystalline portion responsible for the membrane’s strength and the 

amorphous region responsible for the porous structure. Stretching causes the molecular 

chains of the polymer to reorganize and break. Stretching is done in two steps: (a) cold 

stretching and (b) hot stretching. The extruded film forms a micropore nucleating site 

during cold stretching, while hot stretching controls the ultimate pore size and membrane 

structure [125]. This fabrication method is mainly useful for chemically resistant polymers, 

where it is difficult to dissolve in a solvent. Membranes from semicrystalline polymers like 

PP, polytetrafluoroethylene (PTFE), and PE are frequently fabricated by using this 

technique. Several factors like temperature, ratio and rate of stretching, and molecular 

weight of polymer decided the pore structure of the membrane [126]. 
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Figure 1.5: Preparation of membrane by uniaxially or biaxially stretching  

3. Sintering 

This method is useful for preparing membranes from polymer with excellent chemical and 

thermal resistance. This method is mostly used for the preparation of MF membranes. The 

powdered material is suitable for this technique; initially, the powder is compressed, 

followed by sintering at the required temperature. Due to the effect of compression, the 

powdered particles coalesce, and the interface present between them goes off [127,128]. In 

this method, the pore size of the membrane is determined by the size distribution of the 

polymer particles used in sintering. This method of preparation of membrane is usually 

applicable for inorganic and some polymers like PP, PE and PTFE [129,130]. 

4. Track etching 

In this method, a nonporous polymeric film is exposed to high-intensity radiation or 

charged particles from a source like linear accelerator facilities and cyclotrons [128]. As 

these charged particles or high-energy radiation pass through the film, they break the 

polymer chain, which causes the creation of tracks on the film; a schematic for the 

preparation method is shown in Figure 1.6. This approach allows for accurate control of 

pore size distribution and a wide range of pore sizes from 1 to 1010 cm2. The pore size is 

governed by the etching temperature and time, while the membrane porosity is determined 

by the film exposure time [131]. 
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Figure 1.6: Schematic showing single ion-irradiation setup used to fabricate track etched 

membrane 

5. Electrospinning  

In this method, the electrostatic force is used to spin the fibers to form a membrane. Strong 

electric fields are applied to a polymer blend solution or melt during electrospinning, 

producing nanofibers that deposit on a grounded collector, as shown in Figure 1.7. In a 

strong electrical field, the surface tension of the polymer solution keeps it at the capillary 

nozzle’s tip, and the electrical force develops a charge on the liquid's surface. The Taylor 

cone is forced to eject at a specific time when the applied electrical field reaches a critical 

value and is greater than the surface tension of the solution. A stable jet is formed when the 

required potential difference is reached. The force of the jet carries a charge, and hence, the 

direction of the jet can be controlled by the applied electrical field. Electrospun fibrous 

membranes have been utilized for filtration and membrane distillation processes because 

of the fine control of the fibre size, shape, and morphology [132]. 

Other procedures used for membrane production include coating, selective etching, layer-

by-layer assembly (LBL), and graft polymerization. Polyelectrolytes are sequentially 

deposited over a substrate to create spray-coated membranes. In the LBL approach, the 

substrate was alternately coated with cations and anions, and after each deposition, the 

substrate was washed to remove any polymer that had been weakly deposited. 
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Figure 1.7: Schematic showing electrospinning of polymer solution 

 Major Problem Associated with Membrane in Oil-water Separation 

During the separation process, oil and other associated contaminants accumulate over the 

membrane surface or inside the pores (Figure 1.8), which is the basic cause of the decline 

of the membrane flux, effectiveness, lifespan and efficiency.  

 

Figure 1.8: Schematic representation of the fouling of membrane by oil droplets (a) 

partial blockage (b) blockage by forming a cake layer on the surface of the membrane (c) 

complete blockage of the pores by forming a continuous layer of oil (d) oil droplets inside 

the pores of the membrane 
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For dead-end filtration, the concentration of the retentate increases over time. The 

resistance for the permeation of the liquid increases, membrane flux declines continuously, 

and the foulant layer thickness increases over the surface and inside the pores of the 

membrane, resulting in complete blockage of the pores [133]. This phenomenon can be 

reduced to some extent by using a tangential flow over the membrane surface using a cross-

flow setup. But over time, the problem of fouling persists, and the membrane needs to be 

periodically cleaned to remove the fouling, which hampers the continuous operation of the 

membrane filtration process, which may result in uneconomical operation. Hence, the 

problem of membrane fouling needs to be given inevitable importance, which reduces the 

performance of membranes over time. 

The performance and commercial viability and the long-term application of the membrane 

to efficiently separate oil and water depend mainly on the product throughput (permeation 

flux) and the oil rejection or rejection efficiency. These factors can be altered by changing 

the driving force involved (changing the pressure and the flow rate), changing the pore size, 

and changing the tendency fouling by the oil present in the water. Several factors were 

involved in the fouling of the membrane during oil-water separation, as shown in Figure 

1.9. 
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Figure 1.9: Factors affecting the fouling phenomenon 

 Oil-Water Separation Mechanisms and Fouling as Measurable Parameters 

For the separation of oil from water using a porous polymeric membrane, molecular sieving 

is the primary mechanism involved, based on the size of the oil droplets (as discussed in 

section 1.2) present in the water. The pore size of the membrane is mainly involved in the 

efficient separation of oil droplets from water. The pores in the membrane should be 

typically smaller than the oil droplets but larger than the size of the water molecules; as a 

result, the membrane will act as a molecular sieve, selectively retaining the oil droplets and 

allowing the water molecules to pass through them. The separation performance of the 

membrane is also significantly impacted by the size and the type of oil present in water. As 
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mentioned before, the oil may be present as free oil, dissolved oil or emulsified oil, and the 

size of the free oil droplets is typically larger compared to emulsified or dissolved oil. 

Therefore, emulsified or dissolved oil may require a membrane with a smaller pore size, 

whereas free oil requires a larger pore size for efficient separation from water. In addition 

to pore size, other properties like wettability, governed by surface roughness, 

hydrophobicity or hydrophilicity and functional groups present on the surface of the 

membrane affect the efficiency and performance of the membrane in selectively separating 

oil from water. The applied pressure also controls the oil removal efficiency and the water 

permeation flux; the oil will pass through the membrane if the transmembrane pressure is 

higher than a critical pressure (Pc). If the transmembrane pressure is higher than the Pc, it 

will overcome the capillary pressure, and the oil droplet will be forced into the pores of the 

membrane. On the other hand, if the transmembrane pressure is lower than the Pc, the 

capillary pressure will stop the oil droplets from passing through the pores of the 

membrane. The critical pressure (Pc) is given by Equation 1.1: 
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        (1.1) 

where,  

/o w
 is the interfacial tension between oil and water 

  is underwater oil contact angle (given by 180 – water contact angle) 

or  & pr
 radius of oil droplet and radius of pores of the membrane, respectively 

The oil droplet will pass through the pores of the membrane without applying any pressure 

if the value of Pc becomes negative; from Equation 1.1, it becomes possible when θ<90°. 

So, to separate out the oil from water without passing through the pores of the membrane, 
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θ should be sufficiently greater than 90°, indicating that the membrane should be 

hydrophilic.  

Flux Decline 

The flux through a membrane is calculated by using Equation 1.2. 

1w

V
J

A T



               (1.2) 

Where V is the volume of permeate (m3), ∆T is the filtration time (h), A is the effective 

membrane area (m2), and Jw1 is the permeation flux (L/m2h or LMH). As the filtration 

continues for a longer time, the flux declines and can be measured with flux decline ratio, 

which is the ratio of instantaneous flux (Jt) to the normalised permeate flux before fouling 

(Jo), given as /t oJ J  

Flux Recovery Ratio 

A criterion for the antifouling capacity of the membrane is the flux recovery ratio (FRR); 

the antifouling property of the fabricated membrane was studied by filtering DI water 

followed by oil-water emulsion and again followed by DI water, and then FRR was 

calculated. Initial DI water flux (Jw1) is measured, then the membranes were used for oil-

water separation and, washed with DI water and used again for PWF measurement (Jw2) by 

keeping the conditions the same as that of the previous procedure. Due to the adsorption of 

oil on the membrane surface, fouling occurs, and as a result, the water flux is decreased due 

to the deposition of the crude oil layer on the membrane. The expression is given as follows 

2

1

(%) 100w

w

J
FRR

J
                (1.3) 

where Jw1 and Jw2 are the water flux before and after oil filtration, respectively. 
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Oil Rejection 

Rejection is one of the important parameters to evaluate the performance of the membrane, 

which also indicates the permeate and retentate quality. For measuring the rejection ratio 

(R) in the case of oil-water separation, initially, the PWF is measured, and after measuring 

the PWF (Jw1), the feed was replaced with crude oil emulsion in water, and the permeate 

flux (Jp) was recorded. R was calculated with the following Equation:  

(%) 1 100( )f

i

C
R

C
                (1.4)

         

1
f

i

C

C
                  (1.5) 

Where, �� and �� (mg/L) are the oil concentrations in the permeate and initial feed water 

solutions, respectively and  is the oil rejection rate.  

Reversible and Irreversible Fouling 

The decline in flux is either due to reversible fouling or irreversible fouling. To further 

analyze the antifouling performance, the reversible flux decline ratio (DRr) and irreversible 

flux decline ratio (DRir) are evaluated. The fouling that occurs at the surface of the 

membrane is somehow recoverable by cleaning; this is called reversible flux, and the 

irreversible fouling completely blocks the pores and cannot be recovered by cleaning. The 

following Equations are used to calculate DRr and DRir 

2
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(%) 100( )w p
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J J
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
               (1.6) 
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J J
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                (1.7) 

Where Jp is the oil permeate flux when the membrane is used for the removal of oil for the 

first time. 
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 Methods for Modification and Incorporate Nanomaterials into Membranes 

The commercial polymeric membranes available are mostly hydrophobic, making them 

prone to fouling during oil-water separation. In order to overcome the fouling problem and 

improve the performance, different strategies are followed, including plasma treatment, 

surface coating, grafting with functional groups, blending of hydrophilic polymers and 

incorporation of nanomaterials to the membrane matrix [134]. These methods are broadly 

classified as physical and chemical methods, represented as a schematic in Figure 1.10. 

For oil-water separation, nanomaterial incorporation in the membrane aims to improve the 

performance of the membrane by altering the wettability (making it hydrophilic to reduce 

the contact angle) and other physical and chemical properties. The addition of 

nanomaterials in the membrane matrix can also provide better control over pore size 

distribution and enhance the overall performance of the membrane due to their unique 

physical and chemical properties. Among the different techniques available to add 

nanomaterials to the membrane, surface coating/dip coating of the membrane [135], 

vacuum deposition [136], electrospinning [137] and blending of nanomaterials into the 

dope solution [138] are commonly followed. 
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Figure 1.10: Methods for hydrophilic modification of membrane 

Dip coating: It is an easy and reliable technique for adding nanoparticles to polymeric 

membranes. This method involves dipping the membrane into a solution containing the 

nanomaterials, allowing the particles to adhere to its surface, and then removing the 

membrane and allowing it to dry so the solvent can evaporate. Following coating, the 

nanoparticles make a thin layer over the membrane surface that improves the membrane's 

properties [139,140]. This technique makes it simple and efficient to coat a large membrane 

area cost-effectively and can be used to efficiently prepare membranes on a large scale. 

However, the effectiveness of the coating depends on several factors, such as the properties 

of the nanomaterial, the solvent used for coating, uniform dispersion of the nanomaterials 

in the solvent and the surface of the membrane [141]. The possibility of leaching of the 

nanoparticles during filtration is a major disadvantage associated with this method. It may 
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also be a challenge to control the thickness and uniformity of the coating on the membrane, 

and there is a risk of the nanoparticles forming aggregates or agglomerates. Moreover, the 

solvent used for the dispersion of nanoparticles should be compatible with the membrane 

material. 

Vacuum deposition: This method involves the use of a vacuum chamber for the deposition 

of nanoparticles on the surface of polymeric membranes. The membrane is usually placed 

in the vacuum chamber, and the nanoparticles are heated or evaporated to form a vapour; 

subsequently, the vapour condenses onto the membrane surface, forming a thin film of the 

nanoparticles on the surface of the membrane [142]. This method is mostly beneficial for 

coating the membrane with a very thin layer of nanoparticles with controlled thickness and 

uniformity. The thickness and uniformity can be controlled by adjusting the temperature, 

pressure, and vapour deposition time. There are different types of vacuum deposition 

methods, like physical vapour deposition (PVD), chemical vapour deposition (CVD), and 

atomic layer deposition (ALD) [143]. The selection of the method for deposition depends 

on the properties of the nanomaterials and the desired properties of the membrane. The 

vacuum coating process requires specialized equipment, which can be expensive and time-

consuming, making it less accessible for small-scale applications [144]. 

Direct blending with polymer solution: This method is one of the simplest methods for 

the addition of nanoparticles in the membrane. The nanoparticles are added directly during 

the dope solution preparation. This technique does not require any specialized equipment 

or time and can be easily scaled up for industrial production [145]. Desired amounts of 

nanoparticles are mixed with the polymer solution to form a composite solution, which is 

then cast to form a membrane using techniques such as phase inversion. The method is 

compatible with almost all types of nanomaterials and all polymer materials, and the 

properties of the composite membrane can be tailored by adjusting the nanomaterial 
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concentration [146]. Uniform distribution and dispersion of nanoparticles in the solvent are 

some of the major limitations of this method, which can affect the properties of the 

composite membrane. However, this limitation can be overcome by the application of 

proper dispersion techniques [147]. 

 Different Nanomaterials Used in Membrane for Oil-Water Separation 

Different nanoparticles are incorporated into the membrane structure to significantly 

improve antifouling and separation performance [148]. Different nanoparticles like SiO2 

[149], TiO2 [150], carbon nanotubes [151], GO [152], silver-based nanoparticles [153], 

Fe3O4 [154], ZrO2 [155], Al2O3 [156], CNC [157], etc. are being used. Detailed discussion 

regarding the addition of CNC will be carried out in the further section. GO coated in 

polyamide membrane creates fully recoverable UF membranes with a hierarchical surface 

roughness, which helps in minimizing the oil adhesion to the surface of the membrane, 

which in turn reduces the fouling and enhances the separation performance [158]. Guo 

Fanjin et al. [159] developed a PVDF aluminium oxide (Al2O3) nanowires and GO 

nanosheets membrane for oil-water separation.  The addition of GO-Al2O3 nanowires 

improved the roughness of the PVDF membrane. The permeability of the membrane was 

31 times that of the GO–PVDF membrane, which has an optimal mass ratio of Al2O3 to 

GO of 7.5. The GO–Al2O3–PVDF membrane also shows an improvement in hydrophilic 

and oleophobic properties. Both the GO–PVDF and GO–Al2O3–PVDF membranes had 

high oil-water separation rates of 97.9% and 99.4%, respectively. The oil concentration 

used was 200 mg/L. The study suggests that the GO–Al2O3–PVDF membrane has potential 

application in oil-water, and further research on its cleaning procedure is needed. Prince et 

al. [160] prepared a PES hollow fiber UF membrane using graphene-attached poly 

acrylonitrile-co-maleimide (G-PANCMI). The results showed that the G-PANCMI played 

an important role in enhancing the hydrophilicity, permeability, and selectivity of the PES 
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membrane. The water contact angle of the PES membrane was reduced by 64.5%, while 

the oil contact angle was increased by 158% compared to the unmodified PES membrane. 

The liquid entry pressure of oil was also increased by 350%, indicating improved anti-

fouling properties of the modified membrane. Additionally, the water permeability 

increased by 43% with >99% selectivity. Researchers have developed a superhydrophilic 

and underwater superoleophobic CC@TiO2@Ag membrane with a broccoli-like 

morphology using a hydrothermal and photo-deposition method. They found that the Ag 

content strongly affects the oil-water separation and self-cleaning performance of the 

membranes. The CC@TiO2@Ag membrane demonstrated high separation efficiency of 

various oils, with efficiencies above 99% after 60 cycles. Additionally, the CC@TiO2@Ag 

membrane showed superior self-cleaning, reusability, flexibility, and mechanical 

durability. The membrane has broad prospects in underwater oil recovery, self-cleaning, 

and wastewater purification [161]. Zioui D. et al. [162] reported the fabrication of 

TiO2/P(VDF-TrFE) nanocomposite membrane using solvent casting, and its potential for 

oily wastewater treatment was evaluated. The results of the membrane characterization 

revealed that the TiO2 nanoparticles were uniformly distributed throughout the pores with 

an interconnected structure. The photocatalytic tests showed complete removal of COD, 

total hydrocarbons, and phosphates, as well as significant reductions in suspended solids, 

turbidity, TOC, nitrates, and chloride in oily wastewater. The pH range of 4 to 5.5 was 

found to be the most effective for removal efficiency. After seven hours of sunlight 

exposure, the treated water became colourless. The TiO2/PVDF-TrFE nanocomposite 

membrane, which combines an inexpensive nanocatalyst and a UV radiation source 

available in sunlight, proved to be effective for oily water remediation and has the potential 

for future applications. The PS-PAA/TiO2 membrane prepared by Sumithraarachchi et al. 

[163] enhances the oil-water separation efficiency, reusability, and durability. Polystyrene 
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was cross-linked with acrylic acid either through ex-situ or in-situ polymerization on TiO2 

nanoparticles. The resulting membranes had enhanced oleophilic properties with oil contact 

angles close to 0° and hydrophobic properties with water contact angles varying from 141 

to 155°. The PS-PAA/TiO2 membranes exhibited exceptional oil-water separation 

efficiencies of about 99%, separating both highly viscous and light oils from water under 

gravity and antigravity-driven processes. Another study aims to produce melt-blown 

membranes from polypropylene (PP) and TiO2 for oil-water separation and photocatalysis. 

PP and varying amounts of TiO2 are melt-blended to create masterbatches that are 

fabricated into melt-blown membranes. The thermal stability and photocatalytic effect of 

the membranes increase with TiO2 content. The PP/TiO2 membranes have a good 

morphology, better hydrophobicity even after ultraviolet irradiation, and a high oil flux of 

around 15,000 L/m2h. The membranes also exhibit stable oil-water separation efficiency 

after repeated use and are suitable for mass production to separate oil from water in 

industrial dyeing wastewater [163]. Xiong Zhu et al. [164] focus on developing a bio-based 

polylactic acid (PLA) membrane with a superhydrophilic surface for efficient oil-water 

separation. To achieve this, the researchers used TiO2 particles coated on the surface of the 

membrane by the spin coating method to create a rigid and robust TiO2 armour on the PLA 

membrane. This unique interface provided the PLA membrane with stable 

superhydrophilicity and underwater superoleophobicity, making it efficient for oil-water 

separation. The PLA membrane demonstrated a permeation flux higher than 930 L/m2 h 

and a rejection higher than 99% under 0.1 MPa for four oil-water mixtures, with stable 

permeability over ten cycles. Additionally, the PLA membrane showed stable water flux, 

permeability recovery, and high rejection to BSA and ink over long-term operation. 

Similarly, SiO2 was also incorporated in the PLA matrix to prepare a membrane by 

electrospinning technique for oil-water separation. Lu Zihan et al. [165] successfully 
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created porous PLLA/M-SiNP nanofibers using electrospinning and acetone post-

processing. The modified SiNPs were uniformly distributed inside and on the surface of 

the fibers, and increasing amounts of M-SiNP led to increased fiber diameter. A two-step 

process was followed to incorporate hydrophobic silica nanoparticles (SiNPs) into highly 

porous PLA nanofibers. The SiNPs were first synthesized and then modified to be 

hydrophobic. The PLA/SiNPs composite fibrous membranes were electrospun and then re-

crystallized with acetone at room temperature, resulting in the transformation of non-

porous fibers into porous ones with a high surface area. The presence of SiNPs inside and 

outside the fibers enhanced the hydrophobicity of the PLA/SiNPs nano-fibrous membrane, 

with a water contact angle greater than 150°. The incorporation of SiNPs into porous PLA 

membranes reduced their modulus and tensile strength (280.66 and 5.92 MPa) but 

increased their strain to fracture (80.82%). The oil absorption capacity was highest when 

the weight ratio of PLA and SiNPs was 1:1, and the flux of the prepared membranes was 

significantly enhanced (5200 L/m2h) due to the presence of SiNPs. The PSf membrane was 

modified by blending SiO2 nanoparticles to enhance its hydrophobicity. The modified 

membrane had larger interconnected surface pores compared to the unmodified membrane, 

resulting in a permeate flux of 17.32 L/m2h for the modified membrane and 1.08 L/m2h for 

the unmodified membrane, indicating 16 times increase in permeability. The addition of 

SiO2 nanoparticles also improved the antifouling properties of the membrane. These results 

suggest that blending SiO2 nanoparticles into the membrane composition can enhance its 

permeability and antifouling properties [165]. Tjale L. et al. [138] studied the development 

of hydrophobic/oleophilic PS/PP-FOTS-SiO2 NPs membranes using an in-situ phase 

separation process. Initially, the membranes were hydrophilic with contact angles ranging 

from 72 to 80°, while pore sizes ranged from 0.03 to 0.25 μm. The incorporation of FOTS-

SiO2 NPs resulted in slightly hydrophobic/oleophilic membranes with a contact angle of 89 
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± 6°. The prepared membranes can successfully remove oil from water with oil fluxes and 

separation efficiency of 84.9 L/m2h and 83.4%, respectively. The iron base nanoparticle is 

widely used as an additive with polymeric membranes for different applications, including 

oil-water separation. Zeng et al. [166] proposed a method for the fabrication of a 

superhydrophobic and magnetic poly (lactic acid) (SMPLA) membrane with the addition 

of Fe3O4 nanoparticles. The SMPLA membrane was found to possess superhydrophobicity, 

with a water contact angle of 151.7°, and exhibited strong resistance to organic solvents, 

acids, alkalis, and boiling water, as well as abrasion. The membrane exhibits a good self-

cleaning ability with an oil-water separation efficiency of up to 99.5%. The development 

of electrospun nanofibrous membranes by incorporating iron oxide (Fe3O4) nanoparticles 

(NPs) to treat oily wastewater effectively is an emerging technique. Iron nanoparticles in 

the form of iron acetate powder were used with PSF to develop a hydrophilic, high-flux, 

and mechanically stable PSF-iron-based nanofiber membrane by electrospinning a PSF 

solution containing iron acetate powder and depositing a polyamide (PA) layer using 

interfacial polymerization on both sides of the membrane. This treatment changed the 

membrane wettability to highly hydrophilic with a contact angle of 37 ± 5°. The membrane 

porosity also increased to 83 ± 7% after the deposition of the PA layer and, consequently, 

increased the water flux to 0.38 m3/m2h [167]. Al-Husaini I. S. et al. [168] developed a PES 

by electrospinning technique; this membrane was strengthened using a hot press technique 

and the addition of Fe3O4 NPs to improve hydrophilicity and anti-fouling resistance. The 

developed membrane exhibited excellent oil removal efficiency (94.01%) and water flux 

recovery (79.50%) with a water productivity of over 3200 L/m2h and showed antifouling 

fouling character. Ouda M. et al. [169] reported the fabrication of PES-maghemite 

composite membranes for oil-water separation. The membranes with different wt.% of γ-

Fe2O3 were characterized, and their performance was evaluated in terms of water flux, flux 
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recovery, and oil rejection was evaluated. A flux recovery ratio of 56% and PWF of 1323 

± 27 L/m2h was obtained by the addition of 0.25 wt.% PES/γ-Fe2O3 in the membrane. The 

removal efficiency increased from 39.2% in the PES membrane to 81.7% in the 1.00 wt.% 

PES/γ-Fe2O3 composite membrane. Among the various nanomaterials, bio-based 

nanomaterials are gaining additional importance for their potential applications in 

membrane technology. These nanomaterials are derived from plants, trees, or agricultural 

waste and offer several advantages over inorganic nanomaterials. CNC is one such 

nanomaterial with the advantage of being biocompatible, having high mechanical strength, 

and availability of surface-active groups, making them ideal for different 

functionalizations. 

 CNC as an Additive in Membrane 

The use of CNC in membrane fabrication technology is a green approach to water 

remediation technology. A summary of the different polymeric membranes using 

nanocellulose as an additive with the targeted pollutants and the removal rate is shown in 

Table 1.3. As mentioned in the previous section, CNC provides good mechanical stability 

and rigidity to the membrane. Because of the high crystallinity of CNC, it can be used for 

an extensive range of pH, and the membrane can be acid-washed for regeneration without 

a change in properties. CNCs have a high surface area containing numerous active sites 

that interact and immobilized pollutants present in wastewater. CNC contains a hydroxyl 

group on its surface, which makes it highly hydrophilic, and it does not swell in water [170]. 

CNC is suitable for different types of functionalization due to the abundant and free 

hydroxyl groups on the surface. The addition of different functional groups such as 

carboxyls, sulfonates, amines, thiol, carbonyls, and phosphates onto the surface of CNC 

makes it versatile to bind a specific pollutant present in wastewater [171]. Other important 

advantages of using CNCs in the membrane are it give higher permeability, can select 
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specific components, and have better resistance to biofouling as compared to the membrane 

without CNC [172]. Many researchers have reported the incorporation of CNCs into a large 

number of polymer matrices like polyimide [173], PAN [174], cellulose acetate (CA) 

[175,176], poly (vinylidene fluoride) (PVDF) [177], poly (ether sulfone) (PSf) [178], poly 

(vinyl alcohol) (PVA) [177]. Even with a small amount of CNC loading, it improves the 

membrane properties distinctively, and thus, the presence of all these special properties 

makes CNC a favourable candidate to be used with different polymers for the fabrication 

of high-performance membranes. Many patents and research papers have demonstrated that 

wood biomass/cellulose-based waste material is a sustainable and economically feasible 

raw material for the manufacture of CNCs [179]. The acid hydrolysis method is the most 

commonly used method for the fabrication of CNCs [180]. The use of sulfuric acid, 

hydrochloric acid, nitric, etc., in the preparation of CNC does raise significant 

environmental and safety concerns due to its hazardous nature. To address these concerns, 

researchers are actively exploring alternative methods for the fabrication of CNCs that are 

safer and more environmentally friendly. Some of these methods include enzymatic 

hydrolysis, mechanical treatment and deep eutectic solvents; however, these methods are 

expensive and do not produce high-purity CNCs. Therefore, the acid hydrolysis method is 

still a preferred method for the fabrication of CNCs, with a provision to recycle the acid 

solution in the process[179]. Rajendran N. et al. [181] carried out a detailed techno-

economic analysis and life cycle assessment of CNC production from a wood-based source 

by acid hydrolysis method, and their results indicated that CNC fabricated using acid 

recovery process was economically more profitable than without the acid recovery process. 

Figure 1.11. shows the strengths, weaknesses, opportunities, threats analysis and prospects 

for research based on nanocellulose-based membranes.  
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Figure 1.11: Overall strengths, weaknesses, opportunities prospects for research based on nanocellulose-based membrane 
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Table 1.3: Summary of composite membranes based on nanocellulose for water treatment with the targeted pollutants and the removal rate 

Membrane material 
Nanocellulose 

(%) 

Pressure 

(kg/cm2) 
Pollutants Flux (L/m2h) Removal rate Reference 

PVDF 0.1 wt % 1 BSA 230.8 92.5 [182] 

Chitosan 90 wt% 2 Dyes 64 98 % (Victoria Blue) 84 % 

(Methyl Violet) 70 % 

(Rhodamine) 

[183] 

PA/PLS 0.05 wt% 6 Salt 106.9 98.3 % (Na2SO4) 

96.1 % (MgSO4) 

[184] 

Cu mesh – Gravity Aqueous crude oil 

mixture 

∼35 000 – [185] 

PES 1 wt% – Color & COD – 94 % (Color) 

88 % (COD) 

[186] 

Polyamide (PA) – 6 Na2SO4 204 96.7 % [187] 

Polysulfone 0.21 5 Nitrate 7.2 ± 1.8 94% [188] 

Cellulose 

ester 

26.7 mg/ml – Antibiotic ∼168 89 % Tetracycline 

hydrochloride 

[189] 

PA/PES 0.01 wt% 

CNC/Ag 

4.8 Salt 

Bacteria 

25.4 99.1 % (Na2SO4) 

99.4 % (E. Coli) 

[190] 
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PES 2 wt% 0.30 Humic acids 

(HAs), BSA 

∼60 71.9 % (HA) 

82.7 % (BSA) 

[191] 

Polyamide 0.21 g 6 to 10 Sodium chloride 

calcium chloride 

12.7 ± 1.9 98.3 ± 0.8% 

97.1 ± 0.5% 

[192] 

Polyamide-amine-

epichlorohydrin 

(PAE) 

∼2 g/m2 1 BSA ∼53 79.7% [193] 

Polyamide (PA) – – Bacteria (E. Coli) 44.3 ± 0.7 ∼89 % [194] 

PES-Z-CNF@TFN 0.05 4 divalent salt 14.4 98.3 (Na2SO4) [195] 

PVDF (electrospun) 1 wt% – Soyabean oil-

water 

85.65 99% [98] 
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Different properties of the membrane improved by the incorporation of CNCs are discussed 

in detail in the following sections. 

 Improved Mechanical Property 

For application in industrial wastewater purification, a membrane should have excellent 

mechanical strength and rigidity so that it can offer resistance to the prevailing high-

pressure conditions required for separation. CNC can impart high mechanical strength and 

porous structure to the membrane, and the hydroxyl group present on the surface of one 

CNC is available for bonding with other CNC and can form a high-order arrangement, due 

to which it gives favorable mechanical strength and rigidity [177]. A small percentage of 

CNC loading can improve the tensile strength of the polymeric membrane by 50%, and 

elongation is improved as compared to the nascent polymeric membrane [178,196]. 

However, the tensile strength does not increase linearly with an increase in CNC loading. 

Polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) membrane has 2 wt% CNC 

shows the highest tensile strength with an improvement of 75%, and it decreases with an 

increase in CNC loading [197–199]. The decrease in structural properties with an increase 

in CNC loading is due to the agglomeration of CNCs inside the polymer matrix, where the 

interaction of particle to particle dominates the polymer nanoparticle interactions. Higher 

loading also creates inhomogeneity, which becomes a site for stress concentration, resulting 

in a decrease in tensile strength [197]. CNCs tend to aggregate and affect both amorphous 

and semicrystalline polymers, making it difficult to obtain a homogeneous dispersion. The 

CNCs get aggregated when their surface come in contact with each other due to short-range 

thermodynamic interactions. The aggregation of two similar particles is called 

homoaggregation, so the homoaggregation of CNCs causes inhomogeneity in the 

membrane and affects the crystallinity of the polymer as it perturbs polymer chain 
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alignment. This is one of the reasons behind the nonlinearity in the increase of tensile 

strength of the membrane with the increase in CNC loading. 

 Porosity, Permeability, Separation Capacity and Hydrophilicity 

In comparison to the pure polymeric membrane, the addition of CNC to all polymeric 

membranes causes some structural and morphological differences. It may become more 

porous, and the interconnection may increase. With CNC loading of 0.8% to the CA 

membrane, it shows an increase in porosity of 23.6% compared to pure CA membrane with 

a total membrane porosity of 66.4%. The water flux also reached a maximum value of 72% 

with 0.5% of CNC loading, which is 10.9% higher than the pure CA membrane [176]. CA-

CNC membrane also has a higher flux of 13,500 L/m2h bar than PAN-CNC membrane, 

having a flux of 5,900 L/m2h bar. This is also due to the presence of larger pore size and 

hydrophilicity of CA-CNC-based membrane compared to PAN-CNC-based membrane 

[198]. Improvement in hydrophilicity of the membrane containing CNCs comes from the 

abundant availability of hydroxyl groups on its surface. However, with higher CNC 

loading, the mean pore size diameter decreases after reaching a certain maximum value, 

which will lead to a decrease in the overall permeability of the membrane at higher loading. 

The decrease in pore size diameter is because of an increase in solution viscosity with an 

increase in CNC loading, which reduces pore size during the phase inversion process [199]. 

Even in the case of the electrospun membrane, the pore size diameter becomes smaller with 

an increase in the amount of CNC. The higher amount of CNC increases the diameter of 

the electrospun polymer fibres, which results in smaller pore sizes. This was observed by 

Lalia et al. [197] in the preparation of PVDF-HFP electrospun membrane with CNC 

loading. The decrease in pore size with an increase in CNC loading will directly affect the 

flux of the membrane. It is noteworthy to mention that the amount of CNC affecting 

different properties of the membrane depends upon the type of polymer used for membrane 
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fabrication. Zhen et al. [177] also demonstrated that the addition of a small amount of CNC 

to PVDF/poly (methyl methacrylate) (PVDF/PMMA) membrane modifies the 

hydrophilicity. The inclusion of CNCs with proper concentration to the polymeric 

membrane will considerably improve porosity and hydrophobicity, leading to the use of 

less nonsustainable material to improve the same level of porosity and hydrophobicity. 

 Antifouling Property 

In many separation processes, such as oily wastewater treatment, antifouling properties of 

the membrane are of vital importance to ensure high separation efficiency and regeneration. 

Many polymeric membranes cannot be used repeatedly for many cycles due to their fouling 

characteristics. Several methods have been attempted for different types of membranes to 

make them antifouling, such as making the membrane surface hydrophilic, surface coating 

or grafting, and blending with antifouling material [200,201]. The antifouling properties of 

different polymeric membranes were improved by loading them with CNC. When CNC 

(0.5 wt%) is incorporated into the CA membrane, a significant improvement in the 

antifouling property is shown with an increase in flux recovery ratio of 68% in comparison 

to pure CA membrane [176]. After repeated use for 10 cycles of filtration, the membrane 

shows excellent separation efficiency of 99% with almost the same flux, which indicates 

the antifouling property of the membrane [202]. This is due to the inherent hydrophilicity 

of the CNCs, which ensured their exceptional antifouling properties. 

 Biocompatibility 

Membrane technology has been used in biomedical applications since 1943 when Kolff 

and Berk treated a uremic patient with a membrane dialyzer [203]. Since then, the 

membrane has been used in different biomedical applications, including hemodialysis 

[204], gas exchange during bypass heart surgery [205], tissue engineering [206], 

bioartificial organs [207], and biopharmaceutical purification [208]. A membrane for 
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biomedical applications can be used depending on its biocompatibility because 

bioincompatibility can give rise to serious health concerns. For example, the blood has to 

pass through an extracorporeal tubing loop during open-heart surgery, and repeated contact 

of blood with an artificial surface results in serious consequences to the patient's health 

[209]. Therefore, to avoid such serious side effects, proper biocompatible material should 

be used in membrane fabrication. CNCs are derived from a natural source; they are 

intrinsically biocompatible, which is also proved by several studies. Wang et al. [210] 

developed a membrane by doping CNCs into a high-molecular-weight polyethylene 

(HMWPE) used in artificial joints as bearing material, which shows improvement in 

biocompatibility after doping with CNCs compared to pure HMWPE membrane. 

Polypyrrole (PPy) membrane with nanocellulose material was developed for use in 

hemodialysis membranes, which can effectively remove small uremic toxins. This 

composite membrane is more biocompatible compared to the pure polymeric reference 

membrane [211]. Cationic CNCs (CCNC) combined with anionic alginate biocompatible 

double membrane is used for complexing drug codelivery, where both the layers of the 

membrane release drugs with different behaviours. CCNC is contained in the inner layer, 

which releases drugs in a sustained manner, and the outer layer is released rapidly [212]. 

 Use of Magnetic Field in Membrane Fabrication Technique 

With the advent of new technology and the requirement for more specific functions, new 

and novel techniques are being employed for the fabrication of membranes. One such 

technique is the application of magnetic nanoparticles such as FeO, Fe2O3, Fe3O4 and other 

metal oxides or nanohybrid materials like GO/iron oxide nanohybrids, metal oxide/SiO2 

are gaining considerable importance due to their superior chemical and mechanical 

properties, and good dispersal. Literature suggests that the addition of magnetic 

nanoparticles (mNPs) during membrane fabrication helps to move the particles in the 
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magnetic field direction and improves water flux and rejection. During the membrane 

preparation process, magnetic fields can be employed to regulate how mNPs are aligned. 

The surface properties of the membrane can be improved by providing a magnetic field, 

which causes mNPs to be directed to migrate to the surface of the membrane and lead to 

improvements in mechanical strength, water filtration efficiency, and fouling resistance. It 

can also result in an improvement of the magnetic properties of the membrane, like 

magnetic permeability and magnetic anisotropy. The applied magnetic field can increase 

the stability of the mNPs and stop them from aggregating or settling to the bottom of the 

solution, enhancing its homogeneity and uniformity in the prepared membrane. The 

magnetic field applied during membrane formation can further influence the formation of 

the polymeric membrane and affect the pore structure of the membrane, resulting in 

changes in its permeability and selectivity. During the membrane-formation process, the 

magnetic field is applied either with the help of a magnetic coil or with the aid of permanent 

magnets. 

The use of a magnetic field during the membrane preparation process encourages the mNPs 

to migrate to the surface, thereby significantly improving the membrane surface properties. 

P. Jian et al. [154] prepared a PSF–Fe3O4 composite membrane by adding magnetic Fe3O4 

nanoparticles by phase inversion method, and the performance was evaluated under a 

magnetic field and observed that rejection of lysozyme was reduced. Huang et al. [213] 

reported the use of a magnetic field during the fabrication of PVDF/Fe3O4 membrane 

during the phase inversion process. Their results indicated that when the concentration of 

Fe3O4 mNPs is more than 60%, the magnetic field forces the mNPs to arrange along the 

direction of the applied field and results in the formation of "lamellar microvoids". The 

membrane with 70% Fe3O4 showed the best performance in PWF and fouling resistance. 

Another study reports that the application of a magnetic field increases the performance of 
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Fe3O4/GO/PVDF membranes. A simple one-step chemical coprecipitation approach to 

create superparamagnetic and hydrophilic Fe3O4/GO (MGO) particles with Fe3O4 

nanoparticles evenly dispersed on the surface of GO nanosheets. The synthesized MGO 

composite particles were dispersed in a PVDF solution. The functional layer containing 

MGO particles is then generated by applying a magnetic field to arrange the MGO particles 

on the surface of the PVDF membrane during the phase inversion procedure. Compared to 

membranes without magnetic field treatment, the results reveal that this technique improves 

the resultant membranes' pure water flow, hydrophilicity, and antifouling characteristics. 

The MGO/PVDF membranes have a high PWF (484 L/m2h) and a high flux recovery ratio 

(up to 83.0%). Thus, the authors reported that magnetic field-induced ordered organization 

of MGO composite particles during membrane fabrication is a potential method for 

producing a high-performance membrane [214]. A similar study was conducted by Zinadini 

et al. [215] by using ZnFe2O4/SiO2 as mNPs to fabricate PES nanocomposite membranes 

by phase inversion method under a magnetic field. The study aims to investigate the effect 

of coagulating in a magnetic field on the properties of ZnFe2O4/SiO2/PES nanofiltration 

membranes fabricated using the phase inversion method. The results revealed that adding 

ZnFe2O4/SiO2 nanoparticles to the casting solution enhanced the hydrophilicity of the 

membrane surface. The magnetic treatment of the casting solution resulted in an orientation 

of the nanofillers in the top layer of the membrane, which in turn influenced the PWF, 

hydrophilicity, and antifouling properties of the fabricated membranes. However, the high 

concentration of nanofillers caused pore blockage, resulting in a decrease in flux.  

 Research Gap 

Although using a chemical dispersant is an efficient way for the treatment of an oil spill, 

there are several drawbacks and potential detrimental effects. Therefore, before choosing 

to utilise chemical dispersants in an oil spill response, it is crucial to weigh these 
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disadvantages against the advantages carefully. To address the drawbacks associated with 

conventional chemical dispersants, bio dispersants as potential substitutes need to be 

explored. On the other hand, although several polymeric membranes have been developed 

for oil-water separation, there is still a need for the development of new and more efficient 

membranes that can separate oil and water with high selectivity and permeability. The 

application of bio-based nanomaterial in membrane technology is limited. Despite the 

extensive use of different inorganic-based nanoparticles to ‘tailor’ membrane pore 

structure, surface properties and cross-section morphology by the selection of appropriate 

fabrication methods, there is still a challenge to produce reliable membranes with anti-

fouling properties, chemical resistance, high mechanical strength with high flux and 

selectivity. This is due to the presence of diverse compounds in oily wastewater, including 

many molecules that stick to the membrane and promote fouling, thereby reducing 

membrane life, which is still a very challenging problem affecting the filtration process. A 

novel material having a high resistance for such compounds is required to be developed 

with different surface modifications of the existing membranes.  Therefore, there is a 

possible scope for research to utilize bio-based nanomaterial in membrane technology. 

Moreover, improvement in membrane fabrication techniques and application of bio-

nanoparticle coated with mNPs has a broad scope.  

 Objectives 

The overall aim of the current research work is to fabricate membranes with emphasis on 

utilizing nanoparticles derived from bio-based source, as an additive in the membrane and 

application of magnetic field during membrane preparation to improve its properties. And 

also, to utilize it for removal of oil from oily wastewater with more than 95% rejection of 

oil and limiting the oil concentration in to 10 mg/L as per the Central Pollution Control 

Board's Environment (Protection) Rules of 1986. 

TH-3202_166107115



57 
 

The specific objectives are: 

 To understand the interaction of the oil-water system with modified biopolymer as 

an environment-friendly dispersant for oily wastewater treatment: This objective 

aims to comprehensively analyze the dynamic interplay between the oil-water 

system and a specifically tailored biopolymer, engineered to function as an 

environmentally benign dispersant in the context of treating oily wastewater. 

 Fabrication of polymeric nanocomposite membrane with cellulose nanocrystal and 

its characterization and performance study: Synthesis and characterization of a 

polymeric nanocomposite membrane incorporating cellulose nanocrystals, 

followed by an in-depth investigation into its performance and functionality like 

selectivity, antifouling ability. 

 Fabrication of polymeric nanocomposite membrane with magnetic cellulose 

nanocrystal and its characterization and performance study: Preparation of a 

magnetic cellulose nanocrystal incorporated into polymeric nanocomposite 

membrane, followed by detailed analysis of its structural attributes, properties and 

performance characteristics. Furthermore, this objective also includes investigating 

the application of this membrane for oil-water separation applications and assessing 

its effectiveness in this context. 

 Effect of magnetic field-induced coagulation during phase inversion of 

PVDF/FeCNC membrane on its performance: This objective includes the 

investigation of the influence of magnetic field-induced coagulation on the phase 

inversion process of cellulose nanocrystal incorporated PVDF membrane and its 

subsequent impact on the membrane's performance characteristics. Additionally, 

investigates the viability of the membrane for oil-water separation applications and 

evaluates its efficiency. 
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 Organization of the Thesis 

The current thesis is divided into seven chapters. Chapter 1 is the current chapter, which 

includes the introduction and literature review. Chapter 2 includes the sample preparation 

methods and methodologies for preparing different materials and membranes used in the 

research. It also includes different materials used for the experimental work and different 

characterization methods used. Chapter 3 discusses the role of biopolymer as a bio-

dispersant to stabilize crude oil droplets and its application for enhancing the degradation 

of oil by isolated bacteria. Biopolymers XG and Oligo lactic acid conjugate chitosan (OCH) 

are used as bio-dispersants. The stabilized oil droplets are allowed to be degraded by the 

isolated bacteria Pseudomonas aeruginosa CoE-SusPol3. Chapter 4 explains the 

fabrication of CNC from waste paper sources and their characterization. It also discusses 

the incorporation of CNC in polyvinylidene fluoride (PVDF) membranes for enhanced 

performance mechanical and antifouling properties. The application of magnetic CNC 

(FeCNC) in PVDF membranes in place of neat CNCs was discussed in Chapter 5. It 

includes the characterization of the fabricated membrane in its potential application in oil-

water separation. Chapter 6 presents the study of the effect of a magnetic field on PVDF-

FeCNC during membrane formation. It discusses the fabrication of PVDF nanocomposite 

membranes using self-synthesized FeCNC as an additive by applying a magnetic field 

during coagulation and applying it for the testing of oil-water separation performances. 

Chapter 7 summarizes the research work that has been carried out and gives brief 

suggestions concerning future research in the field. 
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Materials and Methods 

In this chapter, detailed information about the major experimentation, various materials 

and methods used to carry out the research work is described. It provides information about 

sample preparation methods, different characterization techniques and the procedure 

involved. For ease of study, the material used, experimental procedures followed, and the 

characterization methods used are categorized into three sections. It gives information 

about the raw material used for the preparation of cellulose nanocrystal (CNC) and oligo 

lactic acid conjugate chitosan (OCH), and the method involves for its preparation and 

further functionalization of CNC with different iron nanoparticles to make it magnetic CNC 

(FeCNC). This chapter also provides information about the fabrication of polymeric 

membranes with CNC, FeCNC and by application of a magnetic field. Various 

characterization methods using instruments, such as FTIR, ATR-FTIR, FESEM, AFM, UV-

VIS spectrophotometer, XPS, EDX, and XRD, are also discussed. It goes on to describe the 

characteristics of the prepared membranes through measurements of water contact angle 

(WCA), BSA flux and rejection, as well as pure water flux (PWF), equilibrium water content 

(EWC) and oil-water separation. 
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 Materials 

Poly(vinylidene fluoride) (PVDF) pellets with Mn=107 kDa were used for membrane 

fabrication, Poly(ethylene glycol) (PEG) average Mn=4000 Da was used as pore former, 

and N, N-Dimethylformamide (DMF) (purity > 99%) was used as a solvent were purchased 

from Sigma Aldrich Co. (USA). Sulphuric acid (>99%) and Bovine serum albumin (BSA) 

Mn=66 kDa were procured from HiMedia Laboratories Pvt. Ltd. India. Waste paper 

collected from office was cut into small pieces and used for cellulose nanocrystal (CNC) 

production. Ferrous Chloride (hydrate) (FeCl2) and Ferric chloride anhydrous (FeCl3) were 

used for magnetic cellulose nanocrystal (FeCNC) preparation. Ammonia Solution was used 

as a reducing agent, and methanol was used for washing FeCNC, supplied by Sigma-

Aldrich (India). Millipore water (Metrohm, ELIX 3) was used as a non-solvent in a 

coagulation bath for the preparation of membranes, pure water flux (PWF) measurement, 

contact angle measurements and for the preparation of xanthan gum (XG) solution. A 

nickel-coated Neodymium Iron Boron magnet (NdFeB) with a magnetic field of 350-450 

gauss was used during membrane casting. XG from Xanthomonas campestris (CAS 

Number: 11138-66-2, MDL: MFCD00131256) was used to increase the viscosity of the 

continuous phase. 20% assay L-lactic acid and medium molecular weight chitosan with a 

degree of deacetylation greater than 70% were used for the synthesis of oligo lactic acid 

conjugate chitosan (OCH) (procured from Sigma-Aldrich, India). Dichloromethane (DCM) 

of 99.9 % purity, was used as a solvent for GC analysis (purchased from Sisco Research 

Laboratories Pvt. Ltd. (SRL)-India). 2,5-dihydroxybenzoic acid (DHB) was used as a 

matrix for the matrix-assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF-MS) study. The crude oil used was collected from an oil field in the Upper 

Assam Basin, having a density of 0.93482 gm/cm3. Meat extract, peptone, sodium chloride, 
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agar and Gram staining kit were procured from HiMedia (India). All the above chemicals 

were analytical grade and used without any further purification. 

 Methods 

 Pre-treatment of Waste Paper and Preparation of CNCs 

The waste paper was cut into small pieces and soaked in water for one hour; after that, it 

was defibrized using a homogenizer (IKA T25 digital ultra Turrax®) at 10000 rpm for 15 

min. Homogenized pulp was obtained by filtering using a fine mesh and pre-treated using 

5 wt% H2O2 and 3 wt% NaOH solution in the ratio of 1:30 to degrade the chromophoric 

groups and change it to colorless groups [216,217]. Further, the homogenized pulp solution 

was kept at stirring (800 rpm, 60 °C) for 2 h at room temperature. It was washed several 

times with DI water to obtain a neutral pH. Finally, the obtained pulp was dried at 60 °C in 

a hot air oven for 24 h to remove the water present in it. The dried pulp was further ground 

with a high-speed mechanical grinder for disintegration. CNC was prepared from the pulp 

by sulphuric acid hydrolysis procedure discussed by Dhar et al. [218]. In brief, the finely 

grounded pulp (approx. 2 g) was used for hydrolysis using sulphuric acid (H2SO4). The 

concentration of H2SO4 used was 64 wt%. The finely grounded pulp was put in the acid 

solution, and it was kept under vigorous stirring continuously for 2 h using a magnetic 

stirrer at 500 rpm at 45 °C. In order to stop the hydrolysis reaction, chilled deionized water 

was used in excess amounts. After that, centrifugation was done, followed by dialysis. 

Dialysis was carried out using a cellulose acetate membrane until pH 7 was reached. 

Finally, the CNC was obtained by freeze-drying the neutralized pH suspension at ˗80 °C. 

A flow chart for the preparation of CNC is shown in Figure. 2.1. 
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Figure 2.1: Flow chart for pre-treatment of waste paper and preparation of CNCs 

 Fabrication of Magnetic Cellulose Nanocrystals (FeCNCs) 

FeCNC was prepared using the co-precipitation method. Two iron salts were used (FeCl3 

and FeCl2). 40 mg of CNC was uniformly dispersed in DI (20 ml) water using a benchtop 

ultrasonicator (amplitude 30%, for 10 min). Both FeCl3 (80 mg) and FeCl2 (20 mg) salts 

were dissolved in 30 ml of DI water and subsequently added to the dispersed CNC 

suspension. The solution was kept under vigorous stirring (∼600 rpm) for 2 h at 55 °C, and 
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the temperature was raised to 85 °C after 2 h and the stirring speed to ∼1000 rpm. For the 

adsorption of Fe3O4 nanoparticles onto the surface of CNCs, 2 ml of ammonia solution 

(25%) was used. Ammonia solution was used as a reducing agent; it was added very slowly 

in a dropwise manner into the CNC iron salt solution at 85 °C and stirred at ∼1000 rpm for 

4 h. During the addition of ammonia solution, the suspension turned brownish-black. After 

4 h, the FeCNC suspension was washed three times with ethanol to remove the impurities 

and centrifuged to separate out the FeCNC. Finally, it was dried in an oven at 60 °C to 

obtain dried FeCNC, which was later ground into powder using mortar. Fe3O4 nanoparticles 

were also prepared following the same procedure. Figure 2.2 shows the schematic for the 

preparation of FeCNC by the co-precipitation method. 

 

Figure 2.2: Schematic for the preparation of FeCNCs 

 Synthesis of Oligo Lactic Acid Conjugate Chitosan (OCH), Preparation of 

Xanthan Gum (XG) Polymer Solution 

OCH was synthesized using lactic acid oligomer and chitosan, where chitosan was insitu 

grafted with lactic acid oligomer by polycondensation reaction according to the procedure 

reported in Pal and Katiyar 2016 [219]. In brief, a polycondensation reaction was carried 
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out by heating a mixture of lactic acid and chitosan (3.33:1 wt/wt%) in the microwave at 

110 °C for 30 min. Before heating, the mixture was kept in ambient condition for 12 h to 

soak the lactic acid thoroughly into the chitosan, and then inert gas (nitrogen) was purged 

into the reaction vessel. The inert atmosphere was maintained with nitrogen gas till the 

completion of the reaction. A heating belt was used over the connection line to avoid the 

condensation of unbound water and by-products. During the condensation reaction, the 

lactic acid oligomers got attached to the chitosan backbone during the reaction, resulting in 

the formation of a dark brown-black product. Prior to use, the synthesized OCH was 

purified using vacuum filtration by dissolving it in acetone. 

XG powder was added to Millipore water at various concentrations (0.01 to 0.08 g/50 ml) 

to prepare the polymer solution. The desired amount of xanthan gum powder was added 

slowly to the Millipore water, with continuous stirring at 800 rpm. After adding the polymer 

powder, the stirring speed was reduced to 100 rpm, and it was maintained for 12 h to ensure 

total hydration and complete dissolution of the XG powder. Finally, the prepared polymer 

solutions were kept in a closed glass container with parafilm sealing to minimize oxygen 

uptake until used. Crude oil was added to the XG solution in a 1:10 ratio of oil to water and 

immediately homogenized at 10000 rpm for 5 min (IKA T25 digital ULTRA TURRAX) 

to prepare the emulsion. 

 Preparation of Membranes 

Membrane fabrication was carried out using the non-solvent induced phase separation 

(NIPS) method (Schematic for preparation of polymeric membrane is shown in Figure 

2.3). DI water and DMF were used as non-solvent and solvent, respectively. Initially, CNCs 

FeCNC and Fe3O4 nanoparticles were uniformly dispersed in a certain amount of DMF 

(25% of total DMF used) by sonication. After obtaining a homogeneous suspension of 

CNCs, PVDF was added and kept at stirring (500 rpm) at 60 °C for 12 h to get the casting 
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solution. Degassing was done to remove the air bubbles completely by keeping the solution 

ideal for 24 h. Thin cast films were obtained after casting the degassed homogeneous 

solutions over a glass plate at room temperature. The glass plate was put in the coagulation 

bath immediately after casting containing DI water (28 ± 2 °C), where demixing takes 

place, which promotes phase separation of the casted films (Figure 2.3a). Finally, the 

obtained membranes were washed and kept in fresh DI water. Different compositions used 

for membrane preparation are listed in Table 2.1. Solvent (DMF) and pore-forming agent 

(PEG) wt% were kept constant throughout all the combinations, with 83% and 2%, 

respectively. To prepare the membrane with the influence of a magnetic field, the casting 

glass plate was kept over a magnetic field (350-450 gauss), the direction of which was 

horizontal to the glass plate at a distance of 2-2.5 cm. After a delay of 15-20 s, the glass 

plate was immersed in the coagulation bath, and in order to complete the coagulation 

process, the membrane was transferred to fresh DI water and kept for 24 h (Figure 2.3b). 

Table 2.1: Different compositions used for the preparation of PVDF/CNC membrane 

Nomenclature for membranes with Weight % 

CNC FeCNC CNC/FeCNC PVDF 

M0 M0 0 15 

M0.5 FeCNCM1 0.5 14.5 

M1 FeCNCM2 1 14 

M1.5 FeCNCM3 1.5 13.5 

M2 FeCNCM4 2 13 

M3 FeCNCM5 3 12 
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Figure 2.3: Schematic for preparation of polymeric membrane by NIPS (a) without 

magnetic field and (b) with magnetic field 

 Oil-in-Water Emulsion Preparation 

Crude oil was used to prepare oil in water emulsion. The concentration of crude oil used is 

1000 mg/l of water. The oil in water emulsion was prepared using a benchtop ultrasonicator 

and sonicated for 30 min (amplitude 30%), and further, this emulsion was used for 

membrane filtration. A UV calibration curve was prepared by diluting the stock solution to 

18 mg/l, 12 mg/l, 9 mg/l, 4 mg/l, 1 mg/l and 0.5 mg/l times. The UV calibration curve was 

used to determine the concentration of crude oil in the solution after filtration. 

TH-3202_166107115



67 
 

 Isolation of Oil-Degrading Bacteria and Molecular Characterization 

The bacteria used in the current study was isolated from the crude oil collected from an oil 

field of the upper Assam Basin. The collected crude oil was stored for 30 days at room 

temperature to eliminate the non-oil-utilizing bacteria. Further, this oil was spread onto the 

surface of the nutrient agar and incubated for 3 days at 30 °C. After a series of three 

subcultures, the bacteria were characterized using Gram staining. The procedure for the 

isolation of oil-degrading bacteria by the streak plate method is represented in Figure 2.4. 

Further, molecular identification was performed using 16S rRNA sequencing, and 

phylogenetic analysis was performed to identify the bacterial strain. The isolated bacteria 

are named Pseudomonas aeruginosa CoE-SusPol3. 

 

Figure 2.4: Schematic showing isolation of oil-degrading bacteria by streak plate method 

A detailed explanation of genome extraction and phylogenetic analysis is presented below. 

 Genome extraction 

Chromosomal DNA was extracted by using a spin column kit (HiMedia, India or similar 

manufacturers). The bacterial 16S rRNA gene (1500 bp) [220] was amplified using a 

polymerase chain reaction in a thermal cycler and was purified using Exonuclease I-Shrimp 

Alkaline Phosphatase (Exo-SAP) [221]. Purified amplicons were sequenced by the Sanger 
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method in ABI 3500xL genetic analyzer (Life Technologies, USA). Sequencing files are 

edited using CHROMASLITE (version 1.5) and further analyzed by the Basic Local 

Alignment Search Tool (BLAST) with the closest culture sequence retrieved from the 

National Centre for Biotechnology Information (NCBI) database that finds regions of local 

similarity between sequences [222]. The program compares nucleotide or protein 

sequences to sequence databases and calculates the statistical significance of matches. The 

BLAST algorithms are used to infer functional and evolutionary relationships between 

sequences as well as help identify members of gene families. (i) Initial search to find 

potentially closely related type strain sequences using the BLASTN program (ii) Pairwise 

alignment to calculate the sequence similarity values between the query sequence and the 

sequences identified in step (i) [223]. Therefore, each isolate is reported with the first five-

ten hits observed in the said database.  

 Phylogenetic analysis  

The evolutionary history was inferred using the Neighbor-Joining method [224]. The 

optimal tree with the sum of branch length = 0.25511190 is shown. The percentage of 

replicate trees in which the associated taxa clustered together in the bootstrap test (1000 

replicates) are shown next to the branches. The tree is drawn to scale, with branch lengths 

in the same units as those of the evolutionary distances used to infer the phylogenetic tree. 

The evolutionary distances were computed using the Kimura 2-parameter method and are 

in the units of the number of base substitutions per site. The analysis involved 17 nucleotide 

sequences. All positions containing gaps and missing data were eliminated. There were a 

total of 1322 positions in the final dataset. Evolutionary analyses were conducted in 

MEGA6 [225]. 
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 Crude Oil Degradation by Pseudomonas aeruginosa CoE-SusPol3 

The isolate was used to prepare the inoculum by transferring a single colony of bacteria 

into a fresh nutrient broth, followed by incubation at 30 °C and 120 rpm until the 

exponential phase. Further, this actively growing culture with an optical density of 0.5 at 

600 nm was inoculated into a nutrient broth containing different crude oil ratios. The 

mixture of crude oil, XG and OCH was the only carbon source. Then, these samples were 

observed for oil degradation for up to three weeks. The samples were collected after 7 days 

from all the flasks in triplicates and analyzed for the degradation of hydrocarbons. 

Biodegradation of crude oil by the Pseudomonas aeruginosa CoE-SusPol3 was measured 

by calculating the peak area of different components present in crude oil obtained from GC 

analysis and comparing it with the controlled one. Percentage degradation was calculated 

using the equation given below: 

   
   1 100

      

Peak area of sample
Percentage degradation

Peak area of the controlled sample

 
   
 

         (2.1) 

 Analytical Instrumentation and Characterization 

 Characterization of Membrane and Synthesized Additives (CNC & FeCNC) 

 Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-

ray Spectroscopy (EDX) and Field Emission Transmission Electron Microscopy 

(FETEM) analysis 

For the prepared CNCs, the surface and cross-sectional morphology of the fabricated 

membrane were observed under a Field emission Electron Microscope (FESEM) (Zeiss, 

Sigma 300). Prior to observation, CNCs were dispersed in DI water using sonication and 

drop cast over aluminum foil. Drop cast CNCs were sputter-coated with gold for ∼180 s 

and observed using FESEM. The membrane surface and the cross-section were also 

observed in FESEM. For taking cross-sectional images of the PVDF and composite 
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membranes, it was fractured under liquid nitrogen and kept in a hot air oven at 45 °C for 

24 h to remove the moisture. The membranes were then mounted to the stub using carbon 

tapes. The membrane samples were also sputter-coated under a vacuum with a thin layer 

of gold. FESEM was also used to observe the shape and size of isolated bacteria. The 

bacteria sample was prepared by drop-casting the bacterial culture onto the filter paper and 

oven-dried at 60 °C until completely dried. Prior to observation, all the bacteria samples 

were also sputter-coated under a vacuum with a thin layer of gold for ∼180 s to improve 

the conductivity. CNC suspension was dropped over a copper TEM grid and observed 

under FETEM (JEOL, Model: 2100F). 

To investigate the presence of FeCNC in the membrane and to analyze the elemental 

distribution, Energy Dispersive X-ray spectroscopy (EDX) analysis was carried out. 

Initially, EDX of the membrane surface was carried out for the membrane with FeCNC 

fabricated with and without a magnetic field. Further, to find out the dispersion of FeCNC 

in the membrane matrix, EDX of the cross-section was carried out. The elemental mapping 

of iron (Fe) in the EDX analysis of the membrane cross-section was used to evaluate the 

migration behaviour of FeCNC in the membrane matrix with the application of the 

magnetic field during membrane casting. 

 Fourier Transform Infrared (FTIR) of the Composite Membranes 

FTIR spectroscopic analysis was carried out to determine the chemical composition of the 

membranes, CNC, FeCNC, crude oil, chitosan, XG and OCH. Fourier transform infrared 

spectrometer with attenuated total reflectance (ATR) attachment at room temperature 

(Frontier, PerkinElmer) was used to collect the IR spectra. All the samples were positioned 

over the ATR crystal surface made of zinc selenide, and the analysis was executed in the 

range of 4000 to 600 cm-1 for 16 consecutive scans at a 4.0 cm-1 resolution. To compensate 

for the influence of humidity, an air background spectrum was collected before the analysis. 
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All the measurements were taken in transmittance mode, and IR solution software was used 

for analysis. 

 Thermal Gravimetric Analysis (TGA) 

The thermal behaviour of the prepared CNCs from waste paper and the polymeric 

composite membrane was studied with the help of TGA (4000 PerkinElmer). The 

temperature programme followed to study the thermal behaviour was an initial temperature 

of 30 °C and a final temperature of 700 °C, and the heating rate used was 10 °C/min. 

Heating was accomplished in an inert atmosphere using nitrogen gas. 

 Contact Angle Measurements 

Drop Shape Analyzer (Kruss® DSA  25, Germany) equipped with a CCD camera was used 

to measure the contact angle. The membrane was initially dried overnight at 45 °C in a hot 

air oven to completely remove the moisture. Then, a membrane dimension of ~2 cm × 2 

cm was attached to a glass slide for analysis. DI water was used to measure the contact 

angle of the polymeric composite membranes at 23 ± 1 °C. Measurement was done at three 

separate locations on the membrane surface, and the average value was taken.  

 Water Content and Porosity 

The water content of the membrane samples was determined to find out the water 

absorption capacity of the membrane. The uniform size of membrane samples is soaked in 

distilled water for 24 h and then blotted to remove free surface water, and the weight is 

recorded immediately after that it is allowed to dry for the removal of the water, and the 

dry weights were measured. The water content from dry and wet weights obtained by using 

2.2 [226]: 

Water content (%) 100w d

w

W W

W


             (2.2) 
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Where wW  and dW  are the weights of dry and wet membranes, respectively. The average 

value of three measurements is taken to reduce experiment error.  

To calculate the porosity (P), gravimetric method was adopted, and equation 2.3 was used 

[227]: 

(%) 100w dW W
P

AD


              (2.3) 

Where wW , dW , A, and D are the wet weight (g), the dry weight (g), the area (cm2) and 

the thickness (cm) of the membrane,  respectively, and   is the density of water (0.998 

g/cm3). 

 Pore Size Measurement 

TECHPoro Capillary flow porometer (Make: M/s Tech Inc, Chennai, India) was used to 

measure the pore size of the fabricated membrane. Initially, the wetting liquid is allowed 

to spontaneously fill the pores of the membrane by soaking it for 12 h in the wetting liquid. 

Then, an inert gas (nitrogen) is pumped at an increasing pressure, which displaces the liquid 

from the pores of the membrane. The size of displaced pores decreases from large to small 

with increasing pressure. The pore size distribution is obtained by measuring both the 

pressure and flow rate of the gas. The pore size is measured using the Washburn equation 

[228]: 

4 cos
D

p

 
               (2.4) 

Where, D : pore diameter,  : surface tension of liquid (dynes/cm),  : contact angle of 

liquid p : differential gas pressure 
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 X-Ray Diffraction (XRD) Analysis 

XRD measurements of CNCs were carried out at room temperature using an X-ray 

diffractometer (SmartLab, Rigaku, Japan) with Ni-filtered Cu K-α radiation at a 

wavelength of 1.541 Å. The voltage and current were set as 45 kV and 112 mA, 

respectively, as the operating conditions for receiving and diverging slits with a scan speed 

of 20 degree/min and 0.02 sec/step for 2θ range of 5° to 50° [229]. OriginPro 8.5 software 

was used for calculating the peaks area, which was subsequently used to calculate the 

crystallinity index (ICR) of the polymer blend films using equation 2.5 [230]: 

100A
CR

A A

CP
I

CP AR
 


            (2.5) 

where, ACP  and AAR are the area of the crystalline peaks and the area of the amorphous 

regions, respectively. 

 X-ray Photoelectron Spectroscopy (XPS) 

 XPS analysis of the CNCs and membrane surface was performed in (PHI-5000, 

VersaProbe III, X-ray photoelectron spectrometer, Japan) using an Al K-α X-ray source, 

with a pass energy of 55 eV. XPS spectra were collected over the binding energy range of 

0-1200 eV and dwell time of 20 µS. All measurements were carried out at a takeoff angle 

of 45°. 

 Mechanical Testing 

Mechanical testing was carried out to test the mechanical behavior and pressure-bearing 

capacity of the membrane samples in a 5 kN universal testing machine (UTM) (Z005TN, 

Zwick Rowell). The electromechanical UTM is attached with a mobile top head and fixed 

bottom, controlled by a motorized screw mechanism. The membrane samples were cut into 

a standard size of 10 mm in width and 100 mm in length, and the thickness was noted. The 
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membrane was attached in between the top arm and fixed bottom arm of the UTM, 

maintaining a gauge length of 50 mm. Samples were stretched with 1 KN pressure at 2 

mm/min. All measurements were carried out in three samples, and the average values were 

taken to avoid error. 

 Pure Water Flux (PWF), Rejection ratio and Fouling Evaluation (in dead-end 

membrane testing setup) 

PWF, water flux recovery ratio (FRR) and BSA/oil rejection were measured by a solvent-

resistant stirred cell (Amicon stirred cell, Millipore). The dead-end membrane testing setup 

is shown in Figure 2.5. Dead-end filtration is the most fundamental type of membrane 

filtration, where the water flows perpendicularly to the membrane, and the water is pushed 

through the membrane by applying pressure. The entire feed flow is driven across the 

membrane, where the filtered material collects on its surface. 

 

Figure 2.5: Schematic for dead-end membrane filtration setup 

Each of the membranes was pre-compacted at 1.5 kg/cm2 to get stable flux for 30 min 

before carrying out all the measurements. All the measurements were carried out at the 

stirring speed of 200 rpm at 1 kg/cm2 over an effective filtration area of 3.422 × 10-3 m2, 

and pressure was applied using nitrogen gas. Flux is calculated by using equation 2.6 [231]. 
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1w

V
J

A T



              (2.6) 

where V is the volume of filtered water (m3), T is the filtration time (h), A is the effective 

membrane area (m2), and Jw1 is the pure water permeation flux (L/m2h or LMH). 

Subsequently, after measuring the PWF (Jw1), the feed was replaced with 0.2 mg ml-1/1000 

mg l-1 of BSA/crude oil emulsion in DI water, and the permeate flux (Jp) was recorded. The 

concentration of the filtered solution was measured with a UV–visible spectrophotometer 

(PerkinElmer, Lambda 25); the concentration of the filtered BSA solution was measured at 

280 nm. The rejection ratio (R) was calculated using equation 2.7 [232]:  

(%) 1 100( )f

i

C
R

C
               (2.7) 

Where, �� and �� (mg/L) are the filtered BSA/crude oil concentrations in the permeate and 

initial feed water solutions, respectively.  

The membranes were washed with DI water and used again for PWF measurement (Jw2) by 

keeping the conditions the same as those of the previous procedure. Due to the adsorption 

of BSA/crude oil on the membrane surface, fouling occurs, and as a result, the water flux 

is decreased due to the deposition of the BSA/crude oil layer on the membrane. Calculation 

of FRR is done to determine the antifouling capacity. The expression [233] is given as 

follows 

2

1

(%) 100w

w

J
FRR

J
               (2.8) 

where Jw1 and Jw2 are the water flux before and after BSA/crude oil filtration, respectively. 
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To further analyze the antifouling performance, the total flux decline ratio (DRt), reversible 

flux decline ratio (DRr) and irreversible flux decline ratio (DRir) are evaluated for all the 

membranes. The following equations [234] are given below: 

1

(%) 1 100( )p

t

w

J
DR

J
               (2.9) 

2

1

(%) 100( )w p

r

w

J J
DR

J


            (2.10) 

1 2

1

(%) 100( )w w
ir

w

J J
DR

J


            (2.11) 

 Pure Water Flux (PWF), Rejection ratio and Fouling Evaluation (in cross-

flow membrane testing setup) 

The membranes were also tested in a cross-flow membrane test set, where the fluxes were 

measured for 48 h. The schematic for the setup is shown in Figure 2.6. 

 

Figure 2.6: Schematic for Cross-flow membrane filtration setup 

The effective filtration area of the membrane is 4.536 × 10-3 m2. Before measurement, the 

membrane was pre-compressed at 1.5 kg/cm2 for 12 h and then tested for water flux and 
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oil-water separation. A pressure of 1 kg/cm2 was maintained during the measurement, with 

a flow rate maintained at 1 L/min. 

 Characterization of Crude Oil Emulsion and Bio-Dispersant 

 Optical Microscopy and Particle Size Analysis 

The optical image of crude oil emulsions and emulsion stabilized by OCH and XG-OCH 

were taken by using a polarised optical microscope (POM) (Eclipse LV100N POL, Nikon 

Co., Japan). A small drop was placed in the middle of a clean glass slide, and a coverslip 

was placed gently over the drop without applying any pressure, allowing it to spread out in 

between and observed under POM. Images were taken after the emulsion droplet reached 

a steady shape. The size of the droplets was measured with the help of ImageJ software 

[235]. An average of 60 to 100 droplets was measured, and the average value was reported. 

Further, the crude oil emulsion droplet size stabilized by XG-OCH was determined with 

DelsaTM Nano C (Beckman Coulter, USA) for 0 and 3 weeks. 

 Measurement of Rheological Properties 

The rheological properties measurement of each sample was carried out using an interfacial 

rheometer (Anton-Paar, MCR 301) with a cone and plate geometry of diameter 49.981 mm 

diameter and cone angle of 1.992°. Viscosity measurements for all the samples were carried 

out in the shear stress range from 0 to 100 s-1. 

 Gas chromatography (GC) 

The degradation of stabilized crude oil emulsion by the isolated bacteria was evaluated with 

gas chromatography (GC). Crude oil was extracted using 10 ml DCM, and one microlitre 

of the extracted sample was used for GC analysis. The GC system (Varian, USA) was 

equipped with an HP-5MS capillary column, and nitrogen gas was used as a carrier for the 

analysis. The following method for GC analysis was developed, taking reference from 
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Kondyli A. and Schrader W. [236]. The equipment was set at a temperature of 40 °C for 3 

min; after that, the temperature was raised to 280 °C at 10 °C min-1 to and held for 5 min.  

 API Gravity   

API Gravity of the crude oil sample was determined using a specific gravity bottle and a 

weighing balance. An empty specific gravity bottle was weighed on the weighing balance, 

and then 10 ml of crude oil sample was loaded to the same specific gravity bottle and 

weighed to determine the weight of the crude oil sample. The density of crude oil was 

calculated from the weight and volume of crude oil. Specific gravity was calculated using 

the formula [237]:  

  
 ( )  

  

Density of sample
Specific gravity SG

Density of water
         (2.12) 

API Gravity was calculated using the following relation [238] 

141.5
131.5API

SG
             (2.13) 

 Extraction of Biosurfactant and Characterization by MALDI-TOF-MS 

Biosurfactant-mediated hydrocarbon degradation was evaluated by determining the 

presence of biosurfactants in the broth. Biosurfactant was extracted using the existing 

protocol. Briefly, the culture broth was centrifuged at 5000 rpm for 15 min to separate the 

cells. The obtained cell-free supernatant was extracted using an equal volume of chloroform 

and methanol (2:1 v/v) [14]. Further, the organic phase was collected and evaporated to 

obtain the biosurfactant. The obtained biosurfactant was dissolved in DHB matrix (10 

mg/ml) prepared in methanol. The prepared sample-matrix mixture was loaded on a 

stainless-steel target plate and dried at room temperature. Further, the analysis was carried 

out using the MALDI-TOF-MS (Make: Bruker, Model: AUTOFLEX SPEED) with an 

accelerating voltage of 19 kV. 

TH-3202_166107115



79 
 

 Surface Tension Measurement 

Surface tension was measured using Drop Shape Analyzer (Kruss® DSA  25, Germany) 

equipped with a CCD camera. To compute the surface tension, the pendant drop method 

was used. The sample from the syringe was allowed to make a drop of 10 µl using a needle 

size of 1.8 mm. Then the image of this drop was captured with the CCD camera to measure 

the surface tension at 28 °C. Measurement was done for three different drops, and the 

average value was taken. 
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Interaction of Oil-Water System with Bio-Dispersant to 
Understand the Separation and Biodegradation Process 

This chapter discusses the application of naturally available biopolymers as bio-

dispersants to stabilize crude oil droplets instead of harmful synthetic chemical dispersants 

and enhance its degradation. Biopolymers xanthan gum (XG) and oligo lactic acid 

conjugate chitosan (OCH) were used as a bio-dispersant, which forms a stable crude oil-

in-water emulsion. The stabilized emulsion droplets were allowed to be degraded by the 

isolated bacteria Pseudomonas aeruginosa CoE-SusPol3, and the degradation percentage 

obtained for the stabilized emulsion is 74.31%, whereas for the unstabilized emulsion is 

34.06%. The in-situ production of biosurfactants from the isolated bacteria also assisted 

the degradation of hydrocarbons present in crude oil by decreasing the surface tension of 

the crude oil to 28.53 (± 0.05) from 32.44 (± 0.22). Hence, using such bio-based materials 

could be a potential and sustainable solution for the treatment of oil spills. 

 

 

Research outputs of this chapter: “Oligo lactic acid conjugate chitosan as a bio-

dispersant for enhanced biodegradation of crude oil in oil-spill remediation”, Manuscript 

submitted to Water Science and Engineering. 
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 Introduction 

Many industries like food oil refineries, restaurants, dairy and poultry processing plants 

and petrochemicals are just a few of the industries that produce wastewater that is 

contaminated with oil. As this wastewater has a serious effect on the environment 

mentioned in Chapter 1, the treatment of this oily water is indispensable. Since the source 

of oily wastewater is very broad, the scope for applying different treatment methods is also 

wide. In the case of large-scale oil spillage, the most widely used method is the use of 

chemical dispersants. However, the harmful effect of chemical dispersant use is also 

questionable, and the application of biobased materials as bio-dispersants is gaining more 

and more importance. The employment of biodispersants and bioremediation techniques is 

proven to be the most environmentally benign solution for ensuring the ecosystem's 

sustainability. Thus, the current chapter aims to utilize natural additives, like 

polysaccharides and attach them to oil droplets to increase their stability and understand 

the interaction of oily with it to understand the effectiveness and lower the use of chemical 

dispersants needed for the treatment of oily wastewater. The application of such natural 

biomaterials has the advantage of being biodegradable and readily compostable, causing a 

negligible negative effect on the environment [239,240]. Polymers, including xanthan gum 

(XG) and chitosan, are targeted in this work to use as bio-dispersant to stabilize the crude 

oil emulsion in water. Chitosan is a linear chain polysaccharide obtained by deacetylation 

of chitin, a biopolymer found mainly in the shells of crabs and shrimps. The chitosan used 

was modified to become a nanoamphiphilic material with hydrophobic and hydrophilic 

parts called oligo lactic acid conjugate chitosan (OCH) according to the procedure 

mentioned in section 2.2.3. The structure of OCH is represented in Figure 3.1a. XG is an 

anionic polysaccharide composed of a β-(1→4)-D-glucopyranose glucan backbone with 
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side chains of (1→3)-α-D-mannopyranose-(2→1)-β-D-glucuronic acid-(4→1)-β-D-

mannopyranose on alternating residues, and the structure is represented in Figure 3.1b.  

  

Figure 3.1: Chemical structure of (a) oligo lactic acid conjugate chitosan (OCH) (b) 

xanthan gum (XG) 

A highly stable crude oil-in-water emulsion is formed with a minimal concentration of this 

newly developed material. Applying this environmentally friendly bio-dispersant can 

possibly minimize the use of synthetic chemical dispersants required for the treatment of 

oil spills. It is further speculated that the emulsion stabilized by OCH has more surface area 

for microbes to assimilate the crude oil. Hence, this study also investigates the degradation 

of OCH-stabilized crude oil emulsion with the isolated bacteria and the effect of 

biosurfactant produced by these microbes for the degradation. 

 Results and Discussion 

 Identification of Different Functional Groups Present in Oligo Lactic Acid 

Conjugate Chitosan (OCH), Chitosan, Xanthan Gum (XG) and Crude Oil by 

Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR analysis was conducted to confirm the presence of different functional groups in XG 

and crude oil. FTIR spectra of XG indicate the available functional groups, including acetal, 

hydroxyl, carbonyl and carboxyl, shown in Figure 3.2a. The peaks observed around 3100 
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to 3600 cm-1 indicate the axial deformation of –OH bonds. Axial deformation of the C–H 

bonds because of the symmetrical and asymmetrical stretching of C–H bonds are 

represented by the peak at 2910 cm-1. The small hump at 1730 cm-1 represents the axial 

deformation of C=O ester due to carbonyl groups. The two peaks at 1602 and 1665.6 cm-1 

linked to axial deformation of C=O of enols because of the asymmetric stretching of 

carbonyl groups. Symmetrical stretching of C–O bonds in the carboxylate anion present in 

XG is represented by the peak at 1412 cm-1 [241]. The peaks at 1022, 1057 and 1162 cm-1 

were an indication of the axial deformation of C–O. The characteristic peak of chitosan 

(Figure 3.2c) attributed to N–H and O–H stretching are represented by peaks at 360 and 

3292 cm-1, respectively; the bands at 2922 and 2877 cm-1 correspond to symmetric and 

asymmetric stretching of C–H bond present in chitosan. C=O and C=N stretching of the 

amide group is represented by the peaks at around 1647 and 1326 cm-1, respectively, and 

the bands at 1063 and 1026 cm-1 correspond to C–O stretching.  

FTIR spectra of OCH are shown in Figure 3.2d, and the peaks developed due to 

intermolecular hydrogen bonding are seen at 1745, 1382, 1130, and 1092 cm−1. The peak 

at 1540 cm−1 is detected, which represents the (–OCONH–) of chitosan with repeated units 

of lactic acid, as discussed by Pal and Katiyar [219]. Crude oil is a complex mixture of 

different hydrocarbons with a small amount of sulfur, nitrogen and oxygen. Figure 3.2b 

shows the FTIR spectra plot of crude oil. A number of bands representing different types 

of C–H vibrations were seen in the FTIR spectra. Two strong peaks were observed at 2921 

cm-1 and 2854 cm-1, representing the vibration for aliphatic –CH2 groups [242]. The sharp 

peak at 1459 cm-1 is associated with the C–H bending vibrations in methylene groups. The 

peak observed at 1605 cm-1 is attributed to stretching vibrations of the C–C bond of the 

aromatic rings, indicating the presence of aromatic compounds in the crude oil. Peaks at 

1305 cm-1 represent the esters and ether groups present in the crude oil, and the peak at 
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1377 cm-1 represents the C–H bending vibration of the methyl group [243]. The bands at 

1170 cm-1 and between 900 and 700 cm-1 represent different aromatic C–H bending 

vibrations in-plane and out of the plane, respectively [244]. Peaks in the range between 

1000 to 1310 cm-1 represent the stretching and bending vibrations of N– and S– related 

functional groups [245].  

 

Figure 3.2: FTIR spectra of (a) XG and (b) crude oil (c) chitosan (d) OCH 

 Droplet Size Analysis of Emulsion from the POM Image 

Chitosan is a biodegradable, non-toxic, edible and hydrophilic polymer. Chitosan was 

modified to OCH, which converts from hydrophilic to amphiphilic [246]. It gets attached 

to the oil droplets and improves their stability. Based on literature survey, it was found that 

chitosan ranging from 0.5 wt% to 1 wt% is used along with other materials like silica 
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nanoparticles, phytosterol particles or food-grade chitosan alone [5–7]. Current works 

conducted experiments using various concentrations of OCH, ranging from 0.5 wt%, 0.6 

wt%, 0.8 wt% and 1 wt%, with the aim of determining the optimal concentration for 

achieving emulsion stability. It was identified that the OCH concentration of 0.8 wt% and 

1 wt% reflects a good optical image of emulsion, which remains stable for more than 3 

weeks. Therefore, the concentration 0.8 wt% was chosen as the optimum level for our 

specific emulsion system. 

Further studies can be carried out to confirm the consistency of these findings and to assess 

long-term emulsion stability under various conditions. Different crude oil emulsions with 

water, XG and OCH were observed under an optical microscope. The size of the droplets 

(an average of 60 to 100 droplets was used for the measurement) from the image obtained 

was measured using ImageJ software. When the emulsion of crude oil was only with water, 

the droplet size was larger compared to the emulsion stabilized by XG and OCH. The initial 

droplet size obtained was 5294 ± 2096 nm, which increased to 9799 ± 3369 nm after 3 

weeks, as represented in Figure 3.3(a & b). The size of the emulsion droplets was 

nonuniform, as can be observed in the images, and increased with time because of the 

coalescence of droplets. The coalescence of the droplets can also be observed under the 

microscope. When XG was added to the emulsion, it dissolved with water, increased the 

viscosity of the continuous phase, and restricted the movement of the droplets, hence 

preventing the coalescence of the droplets. The initial droplet size obtained was 3237 ± 921 

nm and changed to 4775 ± 1727 nm after 3 weeks, as shown in Figure 3.3(c & d). Thus, 

the presence of XG improved the stability of the emulsion as compared to the emulsion 

without XG. However, when OCH was added to the emulsion stabilized by XG, it further 

enhanced the stability. The presence of nonamphiphilic OCH, together with the XG 

improves the colloidal stability by enhancing the continuous phase viscosity and delaying 
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the coalescence and creaming of oil droplets. OCH is a nonamphiphilic material having 

both hydrophobic and hydrophilic parts; the hydrophobic part gets adsorbed to the oil 

surface, thus creating a barrier that prevents the coalescence of the crude oil droplets. The 

emulsion remained more stable compared to the crude oil emulsion containing only XG 

and water. This improvement in the stability of the emulsion droplets arises due to the 

presence of a polymer layer over the droplets, which increases the electrostatic and 

repulsive force between the droplets and thus prevents the coalescence of the droplets [14]. 

The initial droplet size was 1457 ± 288 nm, which increased to 1894 ± 748 nm after 3 

weeks (Figure 3.3(e & f)). The increase in droplet size after 3 weeks was not significant 

compared to the other two cases; hence, these crude oil droplets are stable against 

coalescence. 

 

Figure 3.3: Microscopic image of crude oil emulsion initially at 0-days and after 3 weeks 

(a & b) without any stabilizing agent, (c & d) stabilized by XG, and (e & f) stabilized by 

OCH and XG, respectively 
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Droplet size analysis results of crude oil emulsion stabilized by XG and OCH are shown in 

Figure 3.4. Figure 3.4a represented the droplet size at 0 days, and Figure 3.4b illustrated 

the droplet size after 3 weeks. The result obtained indicates that the emulsion stabilized by 

OCH remains nearly equal for 3 weeks. Initially, the droplet size obtained was 1544 nm, 

which changes to 1989 nm after 3 weeks, indicating that the presence of OCH in the 

emulsion prevents the droplet from coalescence. The particle size results obtained are 

comparable with the results obtained from droplet size measurement using ImageJ software 

shown in Figure 3.3(e & f). Thus, using modified chitosan significantly enhanced the 

stabilization of oil droplets and provided more surface area for bacteria to adhere to and 

degrade the crude oil droplets. 

 

Figure 3.4: Delsa nano results of emulsion droplet size (a) in 0 days (b) after 3 weeks 

 Rheological Properties of the Solutions 

The flow curve for the XG solution and XG with OCH at different shear rates (0-100 s-1) 

at room temperature is shown in Figure 3.5. With the increase in XG concentration, an 

increase in shear viscosity is observed in Figure 3.4a. Initially, the viscosity of XG solution 

with all concentrations (0.01 to 0.08 g/50 ml) decreased with an increase in shear rate, 

exhibiting shear thinning property at a low shear rate; comparable results were obtained 

when OCH was added to the XG solution (Figure 3.5(a & c)).  
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Figure 3.5: Plot for the viscosity of (a) XG solution and (c) XG-OCH solution for 

different concentrations as a function of shear rate; shear stress versus shear rate for 

different (b) XG concentrations and (d) XG-OCH solution 

It behaved like a Newtonian fluid after reaching a specific shear rate, and the viscosity 

remained constant. In other words, it is evident that the viscosity was enhanced with an 

increase in the concentration of XG; thus, the droplets remained stable for a longer time. 

There is a significant improvement in the viscosity of the continuous phase with the 

addition of XG, which restricts the movement of oil droplets. However, the addition of 

OCH further enhanced the continuous phase's viscosity compared to the solution containing 

only XG. The hydrophobic part of the OCH was preferentially attached to the oil droplets, 

thereby forming a polymer layer around the droplets to form a micelle-like structure. The 

improved viscoelasticity of the continuous phase resulted from the addition of XG and 

OCH and was responsible for the improvement of the stability of the emulsion. Shear stress 
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vs shear rate curves are presented in Figure 3.5(b & d); it indicates that shear stress 

increased with an increase in shear rate, and the relationship is almost linear. However, the 

addition of OCH to the XG solution increases shear stress, and this behaviour was observed 

in all concentrations of XG solutions. 

 Characterization of Pseudomonas aeruginosa CoE-SusPol3 and its Role in 

Crude Oil Degradation 

 

Figure 3.6: (a) Schematic representation of isolation procedure and identification of 

bacteria by Gram-staining (b) POM image of isolated bacteria, identified as gram-

negative (c) phylogenetic tree of isolated bacteria based on 16S rRNA gene sequence. 

The tree was obtained using the Neighbor-Joining method. 

The isolation process of crude oil-degrading bacteria and phylogenetic analysis are shown 

in Figure 3.6(a & c), respectively. After Gram staining, the characteristic pink colour 

indicates that the isolated bacteria are Gram-negative, represented in Figure 3.6b. The 

molecular identification by 16S rRNA suggests that the isolate is Pseudomonas aeruginosa 

CoE-SusPol3, exhibiting 100% closer homology with Pseudomonas aeruginosa. The 

partial genome sequence is submitted to GenBank, available from the National Centre for 
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Biotechnology Information (NCBI), with an accession number of OK355350. Figure 3.7a 

showed the culture broth containing initial crude oil samples before degradation with three 

different components, and flasks were incubated at 30 °C for 7 days. Figure 3.7b shows 

the crude oil sample after degradation with the isolated microbe. It was observed that there 

was an enhancement in the crude oil degradation after 7 days of incubation with the 

bacteria, with the media consisting of the modified chitosan and XG. The samples without 

OCH and XG show lower crude oil degradation, which was also confirmed by GC results. 

FESEM analysis of the culture after 24 h of cultivation in media was carried out to ensure 

the presence of bacteria and identify its shape and size. The image in Figure 3.7c clearly 

shows the presence of normal rod-shaped bacteria with dimensions of 1.180 ± 0.174 µm, 

and Figure 3.7d represents the histogram showing the length distribution of bacteria. 

 

Figure 3.7:(a) Initial crude oil samples before degradation (b) crude oil samples after 7 

days of degradation (c) FESEM image of the oil-degrading bacterial consortium (d) 

histogram showing length distribution of individual isolated bacteria calculated from the 

FESEM image using ImageJ 
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 Role of Biosurfactant Produced by Pseudomonas aeruginosa CoE-SusPol3 on 

Oil Degradation 

Biosurfactants are composed of hydrophobic and hydrophilic moieties with various 

phospholipids, polysaccharides and proteins with several functional groups. Most of them 

consist of carboxyl, phosphate and amino groups [247]. These have unique properties such 

as emulsification, dispersion and foaming. Microorganisms produce a number of 

surfactants, such as low molecular weight polymers that help reduce surface tension. 

Another class consists of high molecular weight molecules that help in the emulsification 

of the hydrocarbons present in crude oil and enhance the oil degradation [248,249]. 

 

Figure 3.8: MALDI-TOF-MS spectrum of biosurfactant produced by isolated bacteria 

Biosurfactants help to reduce the surface tension of the oil to make it easy for bacterial 

attachment on its surface and utilization of the oil for its metabolism. From Figure 3.8 in 

the MALDI-TOF-MS spectrum, it is observed that the peaks m/z 400-500 indicate the 
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rhamnolipids 1 (RL-1), m/z 600-700 indicated the presence of rhamnolipids 2 (RL-2), and 

the m/z 800-900 represent the presence of other types of glycolipids [250,251]. These are 

the main surface-active compounds present in biosurfactants with low surface tension, and 

these are also non-toxic in nature [251,252]. 

The surface tension of the media used for the bacterial study, biosurfactant, crude oil and 

mixture of crude oil and biosurfactant used in the degradation study was evaluated to 

understand the mechanism of action of the bacteria in the utilization of the hydrocarbons 

as carbon source. The surface tension of crude oil was reduced to 28.53 (± 0.05) mN/m 

from 32.44 (± 0.22) mN/m when biosurfactant was present in the system. The surface 

tension of different components is shown in Table 3.1. The adherence of microorganisms 

to hydrocarbons is arduous due to their hydrophobicity and low solubility. In the current 

study, the isolated bacteria can degrade the hydrocarbons of crude oil emulsion stabilized 

by OCH and assisted by the action of surfactants produced by them. The biosurfactant helps 

in the reduction of the surface tension of the emulsion, which assists the bacteria in adhering 

to the surface oil droplets and accelerates the degradation. 

Table 3.1: Surface tension values obtained from pendant drop method 

Sl. No. Samples Surface Tension (mN/m) 

1 Water 71.57 (± 0.12) 

2 Lab media 55.66 (± 0.17) 

3 Crude oil 32.44 (± 0.22) 

4 Biosurfactant 25.81 (± 0.07) 

5 Crude oil + biosurfactant 28.53 (± 0.05) 
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 Analysis of Oil Degradation by Gas Chromatography 

 

Figure 3.9: Comparison of GC spectra of (a) controlled crude oil (b) crude oil with 

Pseudomonas aeruginosa alone (c) crude oil with the Pseudomonas aeruginosa and XG 

(d) crude oil with Pseudomonas aeruginosa, XG and OCH 

The isolated bacteria, Pseudomonas aeruginosa CoE-SusPol3, can utilize and degrade most 

of the hydrocarbons present in crude oil. The bacterial growth and degradation of crude oil 

are dependent on the medium and growth conditions. When the bacterial strain was grown 

on the crude oil supplemented with XG and OCH, maximum degradation was observed 

due to the reduction of surface tension of the crude oil, which assisted the bacteria in 

attaching to the oil droplets and enhanced its degradation. The crude oil degradation was 

evaluated using GC, wherein the crude oil was extracted using DCM from the broth and 

subsequently injected into the GC column. The spectra of crude oil without OCH and XG 

show different peaks corresponding to the various components (ranging from lower chain 
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alkanes C8–C21 and longer chain alkanes C22–C50) present in the crude oil. Figure 3.9a 

shows GC spectra of the controlled crude oil sample, which shows higher peak intensity of 

all the components of the crude oil, ranging from C8–C50, than the other three systems. 

Figure 3.9b shows the GC spectra of crude oil containing Pseudomonas aeruginosa CoE-

SusPol3 without any other components (XG and OCH). It reflects that the intensity of the 

peaks of longer chain alkanes C22–C50 was reduced. However, when XG and OCH were 

added to crude oil with Pseudomonas aeruginosa CoE-SusPol3, the peak intensity 

decreased further, as seen in Figure 3.9(c & d). A significant decrease in the peak intensity 

of alkanes C8–C50 indicates higher degradation of stabilized crude oil with OCH and XG 

compared to the unstabilized system. The percentage degradation by Pseudomonas 

aeruginosa CoE-SusPol3 alone (without the addition of XG and OCH) was 34.06%. The 

biodegradation of crude oil hydrocarbons increased to 51.84% when XG was added to the 

system, which further increased to 74.31% due to the combined effect of XG and OCH 

(results are summarized in Table 3.2). Thus, it indicates that the application of OCH aided 

the biodegradation of hydrocarbons present in the system by Pseudomonas aeruginosa 

CoE-SusPol3. Such synergistic effects of biopolymers as bio-dispersants and microbial 

degradation could result in a novel environment-friendly oil spill remediation technology 

for treating accidental oil spills. 

Table 3.2: Droplet size and % degradation of CO in different systems 

 CO-water CO-XG-water 
CO-XG-OCH-

water 

Droplet size (nm) 

0 days 3 weeks 0 days 3 weeks 0 days 3 weeks 

5294 

± 2096 

9799 

± 3369 

3237 

± 921 

4775 

± 1727 

1457 

± 288 

1894 

± 748 

% degradation 

(from GC 
analysis) 

34.06% 51.84% 74.31% 
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 Summary 

The addition of nanoamphiphilically OCH as a bio-dispersant for oil spills can be a 

potential substitute for synthetic chemical dispersants. The addition of OCH results in a 

more stable emulsion compared to the emulsion stabilized by only XG. The droplet size 

measurement for droplets stabilized by XG-OCH indicated that there was no significant 

increase in the size of the droplets; the initial size was 1457 ± 288 nm, which changed to 

1894 ± 748 nm after 3 weeks. It indicated that the crude oil droplets are stable against 

coalescence compared to the crude oil emulsion in water, where the droplet size was 5294 

± 2096 nm, which increased to 9799 ± 3369 nm. The isolated bacteria (characterized as 

gram-negative and identified as Pseudomonas aeruginosa by 16S rRNA gene sequencing) 

has the capability to degrade crude oil and also produce surfactant, which assists in the 

degradation process. The percentage degradation of hydrocarbon present in crude oil by 

Pseudomonas aeruginosa was due to the synergistic effects of XG and OCH, which 

increased significantly to 74.31% compared to the system with XG (51.84%) and crude oil 

alone (34.06%). Such synergistic effects of biopolymers as bio-dispersants and microbial 

degradation could result in a novel environment-friendly oil spill remediation technology 

for treating accidental oil spills. 

Although the bacterial degradation of crude oil in water can be an effective strategy, there 

are several challenges and potential problems with this process. The effectiveness of 

bacterial degradation depends on the type or species of bacteria that is present or 

introduced. Other factors like environmental variables, including temperature, pH, salinity, 

oxygen levels, and nutrition availability, also influence the activity of the bacteria, which 

determines its effectiveness. Because of these difficulties, it is unlikely that bacterial action 

alone will completely degrade crude oil. In many instances, a combination of 

bioremediation methods, physical containment, mechanical recovery, and other procedures 
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is required to efficiently reduce the effects of crude oil on water and promote the natural 

breakdown of hydrocarbons over time. After bacterial breakdown has occurred, leftover 

traces of crude oil can be removed from water using membrane separation techniques. 

Membrane separation is a technique that divides elements of a fluid mixture according to 

their sizes, molecular weights, and other characteristics using a barrier (membrane). This 

is particularly useful for getting rid of smaller oil droplets or dissolved hydrocarbons that 

bacteria might not have completely broken down. 
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Fabrication of Cellulose Nanocrystal (CNC) Incorporated 
Polyvinylidene Fluoride (PVDF) Membrane for Enhanced 

Performance, Mechanical and Antifouling Properties 

Polyvinylidene fluoride (PVDF)/Cellulose nanocrystal (CNC) thin composite membrane 

was developed by incorporating CNCs into the PVDF matrix in different amounts. 

Structural morphology obtained from FESEM images revealed that the occurrence of the 

porous finger-like structures increased with an increase in CNC content in the dope 

solution. This was also corroborated by an increase in pure water flux (PWF) with the 

addition of CNC content. 48% high PWF was obtained for PVDF/CNC as compared to 

pristine PVDF membrane with the addition of 3% CNC at a pressure of 1 kg/cm2. Water 

contact angle (WCA) also decreased from 85° to 69° with increasing the wt% of CNC in 

the dope solution, which signifies improved hydrophilicity. Further, the PVDF/CNCs 

showed a high Bovine serum albumin (BSA) rejection of 93% and flux recovery ratio (FRR) 

of 76.76%, whereas the pristine PVDF membrane showed a BSA rejection of 70.86% and 

a FRR of 40.82%. Thus, the presence of CNC in the PVDF membrane prevented BSA 

fouling and showed improvement in BSA rejection. 

 

Research outputs of this chapter: “Fabrication of Cellulose nanocrystal (CNC) from 

waste paper for developing antifouling and high-performance Polyvinylidene fluoride 

(PVDF) membrane for water purification”. Published in Carbohydrate Polymer 

Technologies and Applications, Volume 5, 2023, pp. 100309 
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 Introduction 

Polymeric membrane-based separation is becoming a promising method for treating 

wastewater and gaining additional importance due to its low cost and easy removal of 

harmful products associated with wastewater. The use of non-sustainable materials and 

synthetic nanoparticles in membrane fabrication poses significant environmental concerns. 

Environmental problems are now a major concern for both humans and other living things. 

Many synthetic goods and materials have been developed over time to meet human 

requirements. The environment and life could be negatively impacted by these synthetic 

materials. To overcome these threats and due to the depletion of non-renewable resources, 

there is a growing interest in renewable resources and the use of bio-based materials as raw 

materials for the creation of value-added products for a variety of purposes. Cellulose is 

one such sustainable material that is abundantly available, the structure represented in 

Figure 4.1a. It contains both a disordered region and an orderly-arranged region called the 

crystalline region. The acid hydrolysis method is used to eliminate the disordered region of 

cellulose to produce highly crystalline cellulose nanocrystals (CNCs) [218,253]. CNCs are 

rod-like structures having a length of a few hundred nanometers and a diameter of up to 

100 nm [254,255], and high-performance membranes have recently been created by adding 

CNC as an additive. Apart from being a bioderived material, it also has many advantages, 

like it has good tensile strength and imparts rigidity to the membrane [256–259]. Its high 

crystalline nature allows it to be used in different pH ranges since the paracrystalline region, 

which is more reactive with acid than the crystalline region, was removed during hydrolysis 

[260]. CNCs are used in pollutant remediation technologies and also as a catalyst for dye 

degradation from wastewater [261,262]. CNCs have abundant –OH groups on their surface 

that act as active sites, which can be used for different types of functionalization, such as 

adding amine groups, carboxyl and succinic anhydride [263]. These active sites also help 
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in immobilizing the pollutants in wastewater by forming strong hydrogen bonds. Different 

types of functionalization allow CNCs to bind with specific pollutants present in 

wastewater. CNCs formed via sulfuric acid hydrolysis possess sulfate half-ester, sulphate 

(–SO4
2−) and sulfonic groups (–SHO3) on their surface, which are more effective binding 

sites for heavy metals [253,264]. On the other hand, carboxylate CNC produced using 

dicarboxylic acids containing –ve charge on its surface is more effective in adsorbing UO2
2+ 

[263,265]. CNC–COOH formed by functionalization with sodium periodate/chlorite 

effectively removes Cu2+ ions from water [266]. CNC contains a high surface area and is 

hydrophilic due to the presence of these numerous –OH groups on its surface [171]. 

 

Figure 4.1: Structure of (a) cellulose and (b) PVDF 

In the membrane separation process, the flux decline is a severe problem in most of the 

pristine membranes, resulting in declining membrane lifetime, increased operational cost 

and energy, and reduced membrane selectivity [267]. One of the best ways to improve 

membrane technology is through membrane modification. Different methods have been 

adopted to reduce fouling and improve performance, including chemical modification 

[268], plasma treatment [269], surface coating [135], grafting with functional groups [270], 

blending of hydrophilic polymers [271] and incorporation of nanomaterials into the 

membrane matrix [134]. Among these methods, nanoparticles incorporated into the 

membrane structure significantly improved antifouling and separation performance [272]. 

Different nanoparticles like SiO2 [273], TiO2 [274], carbon nanotubes [275], graphene 
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oxide [276], silver-based nanoparticles [277], Fe3O4 [154], ZrO2 [155], Al2O3 [156], etc. 

are being used with different polymers to improve performance and antifouling property. 

Many previous studies suggested that the improvement in membrane hydrophilicity helps 

in reducing the fouling of the membrane [278,279]. Therefore, hydrophilic CNCs, along 

with other additives such as graphene oxide (GO), are used with different polymers to 

enhance the hydrophilicity, mechanical and antifouling properties of the membrane [280]. 

A negative electric layer is produced by the sulphate lipid molecules on the surface of 

CNCs, and this layer can be widely distributed in polar solvents like water. When a very 

small quantity (less than 2%) of CNCs are added, a stable dispersed system can be formed. 

The CNC particles also form a crosslinked three-dimensional network structure due to 

hydrogen bonding between them [281,282]. With such favourable properties in CNC, it 

becomes a suitable replacement for inorganic nanoparticles in membranes. 

Among the different types of membrane materials available, Polyvinylidene fluoride 

(PVDF) is considered as an ideal material due to its outstanding chemical resistance, 

thermal stability, mechanical durability and good membrane-forming ability structure 

shown in Figure 4.1b. PVDF is semi-crystalline; hence, it has both strength and flexibility 

and mechanical strength is due to its crystalline phase, and flexibility is due to its disordered 

phase [84]. It can dissolve in organic solvents like N, N-dimethylformamide (DMF), N, N-

dimethylacetamide (DMAc) and N-methyl-2-pyrrolidone (NMP), and membrane can be 

prepared by well-known industrially scalable phase inversion method [85]. However, 

because of the hydrophilic nature of PVDF, it is more susceptible to fouling with interaction 

with the foulant present in wastewater [86]. Different modification techniques were applied 

to improve the performance and antifouling properties of the PVDF membrane. The surface 

roughness and contact angle of the PVDF membrane increased by adding CaCO3 

nanoparticles in the dope solution, and the membrane exhibited lower thermal loss when 

TH-3202_166107115



103 
 

CaCO3 was added to it, resulting in a more thermally stable membrane [87–90]. PVDF 

membrane with more than 25% TiO2 improves the membrane permeability significantly 

and hence increases the flux and prevents the decline of flux over time [75], and with only 

10% TiO2 (contact angle ∼59.7◦), the hydrophilicity is improved as compared to neat PVDF 

membrane (contact angle ∼82.8◦) [92]. Nowadays, the use of these inorganic nanoparticles 

is limited; more and more importance is given to the use of bioderived materials like lignin, 

cellulose nanofiber, CNC, and chitosan [93] in membrane preparation. A small percentage 

of CNC loading can improve the mechanical properties, and it is reported that with the 

addition of 1% CNC to PVDF, the tensile is improved by 118% and 114% improvement in 

the tensile modulus [94]. Various properties of PVDF, like surface wettability, mechanical 

and thermal properties, can also be altered by incorporating an oxidized form of CNF 

(TEMPO-mediated Oxidized) and sodium hydroxide and cationization functionalized CNC 

with PVDF [95–97]. Recent literature reported the fabrication of an electrospinning PVDF 

membrane incorporated with CNC and its application in oil-water separation and power 

sensing; the membrane shows a 16% improvement in flux and is a promising material for 

the removal of oil from water [98]. Thus, PVDF, along with bio-based nanoparticles such 

as CNC, can be a potential material for fabricating composite membranes for water 

purification applications.  

In this work, CNCs were prepared, and its potential application in membrane fabrication to 

improve the antifouling property, mechanical property and filtration performance was 

explored. The novelty lies in using CNCs derived from waste paper in membrane 

application, where waste material is converted to a value-added product. Moreover, the 

advantage of being environmental friendly and the nontoxic nature of CNC overcomes the 

limitation of potential contamination of filtrate by the leached inorganic and other additives 

from the membrane. CNCs were prepared from waste paper by acid hydrolysis technique, 
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and a detailed characterization of it was carried out. The properties of pristine PVDF and 

PVDF/CNC composite membranes were compared to ascertain their suitability and 

applicability for wastewater treatment. Details characterization, including membrane 

structure, surface hydrophilicity, thermal and mechanical characteristics of the membranes, 

were thoroughly investigated to understand the effect of CNCs in the composite membrane. 

Bovine serum albumin (BSA) was used as a model pollutant to check the antifouling 

properties of the membrane, and its characteristics were discussed in detail based on the 

amount of CNC added to the dope solution. 

 Results and Discussion 

 Characterization of CNC 

ATR-FTIR analysis of the prepared CNCs was carried out to characterize the chemical 

composition and define the functional groups present in it. FTIR spectrum of CNCs is 

shown in Figure 4.2a, showing the prominent peak at 2890 cm-1 representing C–H 

stretching vibration and 1371 cm-1 showing –CH2 wagging. Two peaks were observed at 

1061 cm-1 and 892 cm-1, corresponding to –C–O–C– pyranose ring stretching vibration and 

–CH vibration of β-glucosides of CNCs, respectively [283]. The peak at 1161 cm-1 

corresponds to asymmetric –C–O–C– stretching of glucosidic linkages, in-plane C–OH 

stretching at C–6, which is evident for CNC. Free hydroxyl groups for stretching vibration 

are represented by the wide-ranging hump from 3500-3200 cm-1. Free –OH bending present 

in the CNC is represented by the peak at ~1632 cm-1 [218].  

The XRD plot for fabricated CNC from waste paper is shown in Figure 4.2b. The XRD 

plot shows peaks at 14.62°, 16.35°, 22.63°, and 34.40° representing the lattice planes (1 1� 

0), (1 1 0), (2 0 0) and (0 0 4), which indicates the typical cellulose-I structure. The peak at 

20.40° representing lattice planes (0 2 1) is a typical characteristic for crystals in cellulose 

type I polymorph [284]. The sharp peak at 22.63° represents the separation distance 
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between the hydrogen bonds in cellulose-I. Comparing with the XRD data of waste paper, 

it clearly indicates that the peak intensity was higher for CNCs, and the common peaks for 

cellulose were also observed in the XRD plot of waste paper. The presence of filler minerals 

in the waste paper is indicated by the diffraction peaks at 12.10° [285]. The crystallinity 

index (ICR) calculated using equation 1 was found to be 78% for CNCs compared to the ICR 

of 38% for waste paper, which represents that the CNCs obtained from waste papers are 

highly crystalline in nature. The acid hydrolysis process removes the disordered portion of 

the cellulose, and the crystalline part is left behind, thus forming highly crystalline CNC. 

This result also matches the d-spacing calculated from the SAED pattern of the FETEM 

image. Thus, FTIR spectra, together with the XRD data, confirm the formation of CNCs 

and have the Cellulose I crystalline structure after acid hydrolysis and freeze-drying.  

Figure 4.2c shows the FESEM image of the fabricated CNC from waste paper. The image 

showed uniformly dispersed rod-shaped CNC; however, agglomeration of CNC was also 

observed because of the strong intermolecular hydrogen bonding of CNCs. It was evident 

from Figure 4.2c that the CNC is a rod-shaped structure with an average diameter of 49 ± 

5 nm and an average length of 286 ± 31 nm. The FETEM micrograph in Figure 4.2d also 

shows that the fabricated CNC has rod-shaped morphology, and the SAED pattern also 

implies the crystalline nature of the fabricated CNC (Figure 4.2e). 
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Figure 4.2: Different characterization of CNC using (a) FTIR spectroscopic analysis of 

CNC and waste paper (b) XRD spectra of CNC and waste paper (c) FESEM image of 

CNC (d) FETEM image of CNC showing rod-like structure (e) SAED pattern of CNC 

 Characterization of PVDF and PVDF/CNC Composite Membrane 

 FTIR Spectroscopic Analysis of the Membranes 

ATR-FTIR scan was carried out in the wavenumber range 4000−600 cm−1 to investigate 

the chemical composition and surface functional groups present on PVDF and PVDF/CNC 

membranes. As seen from Figure 4.3a, the pristine PVDF membrane shows characteristics 

peak at around 1405 cm−1, which represents the CH2 wagging vibrations, 1182 cm−1 shows 

the C–C band vibration, the peak at 875 and 840 cm−1 represents the asymmetric stretching 

vibration of C–C–C and C–F stretching vibration of PVDF respectively [286]. 
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Figure 4.3: (a) FTIR spectra of PVDF, PVDF/CNC membrane, and CNC (b) schematic 

showing the interaction of CNCs with PVDF and possible formation of hydrogen bonding 

between them (c) schematic representing the PVDF membrane without CNC with less 

water flux and PVDF membrane with CNCs having more water flux 

In the FTIR spectra of PVDF/CNC composite membrane, the characteristics peak of both 

PVDF and CNC was observed. A peak at 3356 cm−1 is observed, representing the –OH 

stretching vibration of cellulose, which is also a characteristic of CNC. Peak 1061 cm−1 

representing –C–O–C– pyranose ring stretching vibration CNC shows a slight shift in 

composite membrane and is observed at 1070 cm−1. The FTIR spectra also give an idea 

about the crystalline phase of the prepared PVDF-based membrane. α-phase and β-phase 

crystals are the two most important crystal phases of PVDF [287]. The small distinctive 

band at 761, 795, and 975 cm−1 corresponds to the α-phase crystals, which appear in almost 

all PVDF-based membranes. The exclusive characteristic peak for β-phase crystals is 
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detected in wavelengths of 1275 and 1431 cm−1 for all the membranes [288]. When CNCs 

are added to the PVDF membranes, γ-phase crystals seem to appear, which is absent in the 

PVDF membrane without CNC. The γ-phase crystal is represented by the exclusive band 

at 1234 cm−1 [289]. The broad peak at 3356 cm−1 indicates the hydrogen bond formed with 

the hydroxyl group of CNC and PVDF in the composite membrane, also represented in 

Figure 4.3b, which is absent in the pristine PVDF membrane [96,290,291]. From these 

results, it can be concluded that characteristics of CNCs were present in the composite 

membrane, indicating the presence of CNCs. 

 Morphological Analysis of the Membrane 

The PVDF and PVDF/CNC membrane surface and fractured cross-sectional surface were 

observed under a field emission scanning microscope, and the effect of CNCs on PVDF 

membranes was studied. All membrane surfaces show a porous structure; however, the 

PVDF membrane without CNC shows a less porous surface as compared to the PVDF/CNC 

membrane. The pores are also well distributed over the surface, as shown in Figure 4.4(a-

f). While observing the cross-sectional structure, a typical asymmetrical structure was 

observed for all membranes; a dense sponge-like structure, a thin skin layer and finger-like 

porous channels. Figure 4.4(b1-f1) shows that the finger-like channels are more prominent 

in the PVDF/CNC composite membrane than in the PVDF membrane without CNC, as in 

Figure 4.4a1. The reason behind such a structure is that these hydrophilic CNCs enhance 

the spreading of water at a faster rate into the casting solution. The presence of CNCs also 

accelerates the process of phase separation and, thus, the generation of pores. The length 

of the finger-like pores also increases in the PVDF/CNC composite membrane in 

comparison to the membrane without CNC. The finger-like channels even extended to the 

bottom in the case of Figure 4.4(e1 & f1), resulting in more interconnectivity and high 

porosity. 
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Figure 4.4: FESEM images of PVDF and PVDF/CNC membrane (a-f) surface 

morphology showing the increase in pore at the surface with an increase in the amount of 

CNC from 0 to 3% (a1-f1) cross-sectional structure also shows the finger-like structure 

are more prominent and even extended to the bottom of the membrane with an increase in 

the CNC 
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The incorporation of CNCs into the membrane initiated thermodynamic instability of the 

polymer solution and improved gelation, resulting in the formation of a more prominent 

finger-like structure that improves the membrane's performance [292]. The presence of 

hydrophilic CNCs also enhances the solvent and non-solvent exchange process during 

phase inversion because of the affinity of CNCs towards the water that accelerates the 

solvent exchange in the casting solution. The distribution of CNCs in the PVDF membrane 

can be observed in Figure 4.5. A high magnification (50 kX) FESEM image clearly 

indicates the presence of rod-shaped CNCs in the membrane matrix and is distributed over 

the surface of the membrane. 

 

Figure 4.5: High magnification FESEM image of PVDF membrane showing the presence 

of rod-shaped CNCs 

 XPS Analysis of CNC and the Membranes 

To further understand the surface properties and composition of the membrane and CNC, 

XPS analysis was carried out, and the results are shown in Figure 4.6. Wide survey XPS 

spectra of CNC, pristine PVDF membrane (M0) and PVDF/CNC membrane (M4) were 
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shown in Figure 4.6a. Only C and O elements are observed in the survey spectrum of CNC, 

corresponding to C1s binding energy of 284.8 eV and O1s binding energy of 530.9 eV 

[293]. Similarly, C and F elements are observed in pristine PVDF membrane corresponding 

to C1s binding energy of 284.8eV and F1s binding energy of 686.52 eV [153]. A prominent 

peak for the F element was observed in the survey spectrum of pristine PVDF membrane, 

whose intensity was reduced significantly for PVDF membrane containing CNC (which is 

shown in the insert zoomed image of Figure 4.6b at binding energy 686.33 eV). This 

reduction in the intensity of the F element present in PVDF is due to the presence of CNCs 

over the membrane surface, which was also confirmed by the magnified FESEM image in 

Figure 4.5. Figure 4.6b also represents a high-resolution XPS spectrum of PVDF 

membrane containing 2 wt% of CNC. Intense F1s peak was observed for pristine PVDF 

membrane at a binding energy of 686.52 eV, which was shifted to 686.33 eV due to the 

addition of CNC, indicating the presence of dipole interaction. Figure 4.6c depicted C1s 

spectra of CNCs showing three peaks at 286.20 eV, 284.83 eV and 283.16 eV representing 

O–C–O/C=O, C–O and C–C/C–H species, respectively [294]. PVDF represents four peaks 

at 289.33 eV, 286.38 eV, 284.85 eV and 283.40 assigned to the CF2, C–O (adventitious 

carbon), CH2 and C–C/C–H species, respectively [295]. However, the CF2 species was not 

prominent in the PVDF/CNC membrane due to the availability of CNCs on the surface of 

the membrane, which also corroborates with the FTIR results. A binding energy difference 

of 0.24 eV C–C species and 0.43 eV in O1s spectra (Figure 4.6d) in PVDF and PVDF/CNC 

membrane was also observed, indicating a different chemical environment in the surface 

of membrane containing CNCs compared to pristine PVDF membrane. 
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Figure 4.6: XPS spectra of CNC added PVDF membrane surface compared to CNC and 

pristine PVDF membrane (a) XPS spectra of PVDF, CNC and PVDF/CNC membrane 

surface (b) F1s spectra of PVDF and PVDF/CNC membrane surface (c) O1s spectra of 

PVDF, CNC and PVDF/CNC membrane surface. 

 Thermal Analysis of the Membranes 

The effect of CNCs on the thermal degradation of the PVDF membrane was characterized 

using TGA. TG and DTG curves of pure PVDF, PVDF/CNC membrane and CNCs are 

shown in Figure 4.7. PVDF and PVDF/CNC decompose at different temperatures due to 

their differences in chemical compositions. Glycosyl units of cellulose decompose during 

the thermal degradation of CNCs, and on the other hand, PVDF decomposition corresponds 

to the fragment formation of vinylidene oligomers, dimers and monomers [296]. The 
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decomposition temperature of the PVDF/CNC composite membrane decreases when the 

concentration of CNCs in the polymer solution is increased. The decomposition 

temperature decreases from 482 °C to 465 °C from M0 to M3 when CNC content increases 

to 2 wt%. The reason behind the decrease in the decomposition temperature of the 

membranes with an increase in CNC concentration is evident because CNC has a lower 

decomposition temperature than PVDF [291]. The decomposition temperature may 

decrease slightly with the addition of CNCs; still, all the membranes were stable up to a 

temperature of more than 350 °C, which signifies that the PVDF/CNC membrane can be 

used at high temperatures. 

 

Figure 4.7: Comparison of TGA and DTG curves of PVDF, PVDF/CNC membrane and 
CNC 

 Mechanical Property Analysis of the Membranes 

The stiffness of the membrane is determined by Young’s modulus. It was calculated by 

determining the slope of the linear portion of the stress-strain curve. The stress-strain curve 
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and Young’s modulus of PVDF/CNC membrane are represented in Figure 4.8(a & b), 

respectively. Young’s modulus of the pristine PVDF membrane is about 0.95 ± 0.06 MPa, 

which increases to 1.85 ± 0.17 in the case of M1. It indicates enhancement of the stiffness 

of the PVDF/CNC composite membrane with the addition of more CNCs in the dope 

solution. The Young’s modulus of the membrane with 3% CNCs was the lowest, which is 

attributed to the fact that with the increase in CNC concentration beyond a threshold value, 

the dispersion becomes challenging (which can also be seen in Figure 4.9c & d), results in 

low stiffness [296]. Another parameter to determine the membrane’s resistance to 

deformation is the tensile strength, which represents the maximum stress that the samples 

can withstand just before breaking. Figure 4.8c shows the tensile strength curve, and 

Figure 4.8d represents the elongation-at-break of the PVDF/CNC composite membranes. 

The tensile strength of the membrane increases to 5.4 ± 0.27 MPa with an increase in CNC 

concentration up to 1.5%, but at a higher loading of 3%, the tensile strength decreases to 

the lowest value of 2.11 ± 0.03 MPa. The decrease in tensile strength is due to the lack of 

proper dispersion and agglomeration at higher concentrations [297]. The percentage 

elongation for PVDF/CNC membrane at low concentration (till 1.5% of FeCNC) is more 

than 50%. Then, increasing the concentration of CNCs to 3% reduced the percentage 

elongation to 26.1 ± 4.5 %, indicating the increase in brittleness of the membrane as 

compared to the pristine PVDF membrane [291]. The tensile strength and the percentage 

elongation of the prepared membranes were compared with the available literature and 

presented in Table 4.1. It is evident from the literature comparison that the incorporation 

of CNCs into the PVDF membrane shows better tensile strength and percentage elongation 

than many of the available literature which contains additives other than CNC. 
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Figure 4.8: Effect of CNC on (a) stress-strain curve (b) Young’s modulus (c) tensile 

strength (d) percentage elongation of PVDF membrane 

Table 4.1: Comparison of tensile strength and percentage elongation of the membrane 

reported in this work with the available literature 

Compositions 
Tensile strength 

(MPa) 
% Elongation Reference 

PVDF/NMP 15/85  2.78 65.30 [298] 

PVDF/PSNT (silica 

nanotubes) 
2.76 22.40 [299] 

PVDF/SiO
2
/PVP 1.52 12.00 [300] 

PVDF/DBM (30%) 6.18 25.68 [301] 

PVDF/CNF nanocomposite 

(5 wt%) 
1.05 11.70 [96] 
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PVDF/MWCNTs-OH 2.81 62.43 [302] 

PVDF-SiO2(3)-HDTMS 3.80 37.00 [303] 

PVDF/SiO2 (1.6%) 2.10 50.00 [304] 

PVDF/1% Tin dioxide 0.74 3.75 [305] 

PVDF/CNC (1.5%) 5.4 0 >50.00 This work 

 Hydrophilicity/Hydrophobicity, Porosity and Equilibrium Water Content 

(EWC) of the Membranes 

Water contact angle (WCA) was measured mainly to assess the surface hydrophilicity of 

the membrane, which primarily depends on surface roughness, membrane porosity and 

composition [292]. Hence, it plays an important role in membrane permeation and 

antifouling properties. WCA at 0, 5 and 10 min were measured for the different membranes 

to evaluate the change in membrane hydrophilicity time. WCA measurement was carried 

out to determine the membrane hydrophilicity and the effect of CNCs on it. A smaller WCA 

indicates that the membrane surface is more hydrophilic. Figure 4.9a denotes the effect of 

CNCs on the WCA of the membrane. At time t = 0 min, the PVDF membrane without CNC 

shows the maximum contact angle of 85°, indicating the least hydrophilicity at that angle. 

With an increase in the concentration of CNCs in the polymer solution, the contact angle 

gradually decreased to 69° for M1.5, resulting in an increase in the surface hydrophilicity 

of the composite membranes. A similar decreasing trend of WCA was seen for time t = 5, 

10 min; however, the lowest WCA was seen for M1.5 at t = 5 min is 58.8 and t = 10 min is 

42.2. The decrease in WCA can be explained by the fact that the addition of CNC imparts 

more hydrophilicity to the membrane surface because of the presence of hydroxyl groups 

on CNC, which was also confirmed by XPS and FTIR results. 
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Figure 4.9: (a) Contact angle of PVDF and PVDF/CNC membranes at 0, 5 and 10 min 

intervals (b) EWC of PVDF and PVDF/CNC membranes (c) agglomerated CNCs present 

over the surface of the membrane (d) magnified image of agglomerated CNCs  

These hydroxyl groups present on the surface of CNCs form hydrogen bonds with water 

molecules, making the CNCs attracted to water. When CNCs are incorporated into the 

PVDF membrane, the introduction of these hydrophilic functional groups to the surface of 

the membrane increases its affinity for water. These hydrogen bonds of CNC with water 

molecules result in a stable water layer on the membrane's surface, which reduces the 

contact angle of the membrane, indicating an increase in wettability and hydrophilicity. 

CNCs also have a high surface area; when CNCs are dispersed onto a PVDF membrane, 

they effectively increase the overall surface area of the membrane. This increased surface 

area provides more sites for water molecules to interact, resulting in enhancing the 
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hydrophilicity of the membrane. However, the increase in contact angle after increasing 

CNC concentration beyond 1.5 wt% shows an increase in contact angle (in the case of M2 

and M3). The increase in contact angle is due to the agglomeration of CNC, which results 

in an increase in surface roughness. The agglomeration of CNCs on the surface of the 

membrane can be clearly seen in the FESEM image in Figure 4.9(c & d). The 

hydrophilic/hydrophobic properties and permeability of membranes are also indirectly 

linked to the water content [306]. As noted in the previous section, the availability of free 

–OH groups on the surface of CNC imparts hydrophilic characteristics to CNC. Hence, the 

water content is also increased in the membrane with a higher concentration of CNC, as 

shown in Figure 4.9b. The water content increased from 60 to 71.83% when CNC content 

increased from 0.5 to 2 wt% in the dope solution. This leads to the development of a more 

hydrophilic membrane. 

The results of porosity for the PVDF and PVDF/CNC membrane are shown in Figure 4.10. 

The effect of CNC on porosity can be seen in Figure 4.10, that the porosity of the 

membrane increases with the addition of CNC. The porosity increases to 40% in the case 

of M3 when compared to the pristine PVDF membrane. This increase in porosity can be 

explained by the fact that CNC is a hydrophilic material containing abundant –OH on the 

surface, which improves the diffusion rate of solvent and non-solvent (water), resulting in 

high porosity formation [307]. This result also reached an agreement with the FESEM 

image of the membranes. 
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Figure 4.10: The porosity of PVDF and PVDF/CNC membranes 

 Performance Evaluation of the Membranes 

The data for pure water flux (PWF) before BSA filtration, after BSA filtration and BSA 

solution filtration were shown in Figure 4.11. The PWF increases by ~48% in PVDF/CNC 

membrane with 3% CNC as compared to the pristine PVDF membrane. The PWF increases 

when CNC content increases because of the increase in porous structure and more finger-

like structure formation in the membrane, thus decreasing membrane resistivity. As 

discussed above, the increase in CNC concentration imparts hydrophilicity, which causes 

a change in the membrane morphology, as seen in the FESEM images (Figure 4.4). Since 

CNC contains a large specific surface area containing a sufficient amount of –OH groups 

that also facilitate the hydrogen bonding, this results in more attraction of water molecules 

towards the membrane surface to pass through it and thus results in higher water flux. 

Hence, hydrophilic membranes are less prone to fouling because they resist the adhesion 

of hydrophobic substances, which leads to improvement in filtration efficiency and longer 
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membrane lifespan. However, the PWF decreased after the BSA solution was filtered 

through the membrane, resulting from membrane fouling by the BSA protein. 

 

Figure 4.11: Comparison of pure water permeation flux before BSA solution filtration, 

after BSA filtration and BSA filtration 

BSA rejection was studied for all the prepared membranes, and a comparison plot was 

shown in Figure 4.12a, which is mainly determined by the average pore and the skin layer. 

It showed that the BSA rejection of the M0 membrane was 70.86% and increased with the 

increase in the addition of CNC content to the membrane. The rejection increased to 

83.14% after the addition of 1.5 wt% CNC, and it further increased significantly to 93% 

when CNC concentration increased to 2 wt% in the case of M2. As mentioned earlier, the 

increase in CNC content improves hydrophilicity and results in more affinity of water 

molecules towards the membrane and selectively allows the water molecules to pass 

through the pores of the membrane and retain the BSA molecules. Subsequently, a decrease 

in BSA rejection was observed when CNC concentration was 3% in the case of M3. This 
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decrease in BSA rejection was observed due to the larger and more pores in the membrane, 

which contribute to more penetration of BSA molecules through it, as seen in the FESEM 

images (Figure 4.4). 

 

Figure 4.12: (a) BSA rejection rate (b) flux recovery ratio (FRR) values of PVDF and 

PVDF/CNC membranes 

The determination of flux recovery ratio (FRR) is a criterion to measure the antifouling 

property of the membrane. Initially, DI water was filtered through the membrane, followed 

by BSA solution and again followed by DI water, and then FRR was calculated. Figure 

4.12b showed that when CNC content in the dope solution was increased from 0 to 3 wt%, 

the FRR increased from 40 to 76%. This indicated that there was a significant enhancement 

in the antifouling property of the PVDF/CNC composite membrane. These results can be 

corroborated by the increase in water flux and hydrophilicity of the membrane. Figure 4.13 

showed that pristine PVDF membrane (M0), total flux decline ratio (DRt) and irreversible 

flux decline ratio (DRir) value attained was 70% and 59.2%, respectively; however, a 

decrease in DRt and DRir was observed for the PVDF/CNC membranes. Additionally, the 

reversible flux decline ratio (DRr) increases sharply for M0-M1.5 and becomes almost 

stable for M1.5-M3. The decrease in DRt and DRir with the increase in CNC wt% indicates 
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that fouling caused by BSA protein on the composite membranes was minor because of the 

hydrophilic groups present on the surface of the membranes imparted by CNCs. 

 

Figure 4.13: Reversible and irreversible fouling resistance ratio of PVDF and PVDF/CNC 

membranes 

 Relaxation Model or Membrane Filtration in Nonstationary Process for 

PVDF/CNC Membrane 

It was observed that the flux calculated from filtration experiments data decreases over 

time. In order to confirm the dependencies of flux over time, a mathematical model and 

correlation of this model with the experimental data were determined. A relaxation model 

or membrane filtration in a nonstationary process was applied to validate the experimental 

data. The change in permeate flux (J) with time was explained using a kinetic equation, 

where the reduction of flux is proportional to its value.  

�

��
(� − ��) +  

�

��
(� − ��) = 0             (4.1) 
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ln �
����

�����
� = −

�

��
              (4.2) 

Where, � , ��, �� and �� are volumetric permeate flux in time t, equilibrium permeate flux, 

initial permeate flux and time constant, respectively. 

Time constant �� was determined using equation (4.2), which represents the decline rate of 

the flux. Figure 4.14 was used to determine �� from the above equation for PWF of the 

composite membranes. 

From equation (4.2), we obtained  

��(�) = (�� − ��)�
�

�

�� + ��             (4.3) 

The flux over time, determined using the mathematical model, was compared with the 

experimental data represented in Figure 4.15. Before carrying out all the measurements, 

the membrane is compacted at 1.5 kg/cm2 for sufficient time. During this period, the flux 

may fluctuate initially due to the presence of air pockets or gaps in the membrane, and 

channelling may occur, leading to the development of uneven flow paths, and it gets 

stabilized over time. The theoretical results are based on the assumption that to obtain an 

optimum result from the membrane, the measurements and calculations are carried out in 

this phase, where the permeate flux goes down and becomes stable with time. Therefore, 

in the initial phase, there is a variation in the theoretical flux and experimental flux. After 

compaction (30 min), the flux obtained from the experimental data and the results obtained 

from the relaxation model showed a good correlation. Thus, the stable flux obtained from 

the membrane over time can be predicted using this model, and the optimum time required 

to achieve the stable flux can be determined. 
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Figure 4.14: Curve for determination of characteristic decline time (��) of membrane 

filtration for (a) M0 (b) M0.5 (c) M1 (d) M1.5 (e) M2 (f) M3 
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Figure 4.14: Comparison of experimental value and theoretical values of the volumetric 

flux of membrane filtration for (a) M0 (b) M0.5 (c) M1 (d) M1.5 (e) M2 (f) M3 
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 Summary 

CNCs were fabricated from waste paper with a high degree of crystallinity of 78% by acid 

hydrolysis method. The fabricated CNCs were characterized for their shape and size by 

FESEM and FETEM, which indicate the rod-shaped morphology of CNCs. CNCs are used 

as an additive in different wt% to PVDF during membrane preparation, and its effect on 

membrane morphology and performance was investigated. The results showed that the 

addition of CNCs to the membrane greatly influences the membrane structure and 

antifouling properties. Investigation of the antifouling property was done using BSA 

solution, and it was found that in comparison with the pristine PVDF membrane, the 

PVDF/CNC membrane showed remarkable improvement in the antifouling properties, 

signified by an increase in FRR to 76.76% and decreases in DRir values to 23.24% from 

40.82% and 59.18%, respectively. The WCA for the pristine PVDF membrane is 85°, and 

it decreases to 69° when the CNC concentration is increased to 1.5 wt%. This signifies that 

the hydrophilic property of the membrane was improved by adding CNCs to the casting 

solution. Pristine PVDF membrane has a porosity of 52.7%, which increased to 92.5% in 

PVDF/CNC composite membrane when CNC content increased to 3%. It also showed an 

increase in permeation flux of ~48% compared to the neat PVDF membrane. Tensile 

strength increases to 5.4 ± 0.27 MPa at 1.5% CNC loading in the dope solution, and 

Young’s modulus also increases with an increase in CNC concentration up to 2%. 

Fabrication of CNCs from waste paper opens an effective way to utilize the waste paper. 

Adding such cost-effective nanoparticles derived from waste paper to the polymeric 

membrane at a lower concentration and proper dispersion in the dope solution can become 

a promising candidate for developing antifouling and high-performance membranes. 
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Fabrication of Polyvinylidene Fluoride (PVDF) Nanocomposite 
Membrane for Oil-Water Separation Based on Surface-Modified 

Magnetic Cellulose Nanocrystal 

This chapter discusses the use of magnetic CNC (FeCNC) based membrane for the removal 

of oil from water. In Chapter 4, it was observed that by the addition of CNCs to the 

membrane, the pure water flux (PWF) was improved by 48%, and the BSA rejection was 

improved by ~20%. In order to further investigate and attempt to improve the flux, modified 

CNCs, called FeCNC, were used in the membrane in place of neat CNCs. A thin film 

membrane was prepared by adding FeCNC into the PVDF matrix. The presence of 

FeCNCs also accelerates the process of phase separation and, thus, the generation of 

pores. Compared with the pristine PVDF, PVDF/CNC membranes, the PVDF/FeCNC 

membrane showed significant improvement in the permeation flux and oil removal 

capacity. Contact angle also decreases initially with increasing the wt% of FeCNC in the 

casting solution, which signifies the improvement in hydrophilicity. PWF obtained for 

PVDF/FeCNC membrane was 77.75 L/m2h (2% FeCNC) and 188.11 L/m2h (3% FeCNC), 

which is significantly higher than the pristine PVDF membrane (18 L/m2h) at a pressure 

of 1 kg/cm2. 

 

Research outputs of this chapter: “Magnetic cellulose nanocrystal embedded PVDF 

membrane for oil-water separation”, Manuscript under preparation. 

Patent: “Magnetic nanocomposite polymeric membrane for purification of water and 

process of preparation thereof”. (Application No.: 202131014583) 
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 Introduction 

The magnetic particles can be incorporated into the polymeric matrix to form magnetic 

polymeric membranes. The magnetic nanoparticles can be made of iron oxide (FeO, Fe2O3, 

Fe3O4) and other metal oxides or iron oxide coated with a protective layer to prevent them 

from aggregating and losing their magnetic properties [308]. The iron nanoparticles can be 

incorporated into the polymeric matrix through different methods, including solvent 

casting, phase inversion, and layer-by-layer assembly [309,310]. Iron nanoparticles have 

been used in polymeric membranes for various applications, including oil-water separation. 

The presence of iron nanoparticles in the polymeric membrane matrix can improve the 

separation efficiency and performance of the membrane [311,312]. In addition, iron 

nanoparticles can enhance the mechanical stability, thermal stability, and hydrophilicity of 

the polymeric membrane. This makes them suitable for use in various separation processes, 

including NF, UF, and RO. The high surface area of iron nanoparticles also allows for 

improved separation performance in water flux, rejection of contaminants, and fouling 

resistance, making it a promising candidate for water treatment applications [313]. 

Polymeric membranes with iron nanoparticles also show promising results in removing 

heavy metal ions [314,315] and organic pollutants [316,317] from water, making them 

useful in environmental remediation applications. 

The use of magnetic nanoparticles in polymeric membranes for oil-water separation has 

gained attention due to their unique properties. Polymeric membranes with magnetic 

nanoparticles have high permeability, selectivity, and stability, making them a promising 

alternative for oil-water separation. When incorporated into a polymeric membrane matrix, 

the magnetic nanoparticles can improve the separation efficiency by attracting the oil 

droplets and retaining them within the membrane [318]. The size, shape, and surface 

properties of the magnetic nanoparticles play a crucial role in their performance for oil-
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water separation. For example, smaller magnetic nanoparticles with a high specific surface 

area and hydrophobic surface properties can effectively attract oil droplets and retain them 

within the membrane. Thus, the use of magnetic nanoparticles in polymeric membranes for 

oil-water separation has shown promising results and has the potential to be a cost-effective 

and environmentally friendly solution for the separation of oil and water [319]. 

However, the use of iron nanoparticles in polymeric membranes can also pose certain 

challenges, such as clogging, corrosion, and aggregation of the nanoparticles. 

Agglomeration of nanomaterials is a common issue in the preparation of mixed-matrix 

membranes (MMMs), as it can lead to non-uniform distribution of the nanomaterials in the 

polymer matrix. This can negatively impact the performance of the membrane, including 

reduced water flux, decreased rejection of contaminants, and increased fouling [320,321]. 

Therefore, careful consideration and optimization are required for the use of iron 

nanoparticles in polymeric membranes. The nanohybrid concept aims to overcome this 

issue by combining two or more nanomaterials to form a hybrid material with improved 

performance. The idea is that the combination of different nanomaterials with 

complementary properties can lead to synergistic effects, resulting in improved membrane 

performance. Considering this idea, cellulose nanocrystal (CNC) was combined with iron 

nanoparticles to form a nanohybrid material called magnetic CNC (FeCNC) by co-

precipitation method. This prepared FeCNC to have potential as a new class of nanohybrid 

material for application in the fabrication of MMMs with the added advantage of being 

environmentally friendly as it is derived from biosource. FeCNCs have a high specific 

surface area, making them effective at improving the separation efficiency of membranes. 

Furthermore, FeCNCs can be easily manipulated and controlled using magnetic fields, 

which makes them useful for various applications in membrane filtration that will be 

discussed in the next chapter. In addition, the FeCNCs exhibit good thermal stability and 
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mechanical strength, which are essential factors in developing high-performance 

membranes. FeCNCs in membrane technology provide a new avenue for developing more 

efficient and effective membranes. So, this chapter examines the use of FeCNC as a 

nanohybrid material to be used as an additive in PVDF-based membranes and to understand 

the change in properties and its potential application for oil removal from water. 

 Results and Discussion 

The results and observations obtained from various analytical methods are discussed in this 

section of the chapter, along with probable scientific explanations. 

 Characterization of FeCNC and Fe3O4 Nanoparticle 

 Morphology Study of CNC, Fe3O4 and FeCNC 

FeCNC was prepared by the co-precipitation method. Drop-casted CNC and FeCNC were 

observed under FESEM. It was observed that the Fe3O4 nanoparticles were dispersed over 

the surface of CNCs uniformly to form FeCNCs through the simple-one-step co-

precipitation method. CNCs fabricated via hydrolysis show rod-like morphology with an 

average length of 286 ± 31 nm and diameter of 49 ± 5 nm (aspect ratio ∼6) Figure 5.1a. 
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Figure 5.1: FESEM image of (a) CNC (b) Fe3O4 nanoparticles (c) FeCNC 

Similarly, Figure 5.1b shows the spherical iron nanoparticles prepared by the co-

precipitation method. These spherical iron nanoparticles decorated over the surface of rod-

shaped CNC, which gives a rough rod-shaped morphology (Figure 5.1c). The size 

distribution of Fe3O4 particles is ∼15−30 nm, which precipitated over the surface of CNC. 
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The prepared FeCNCs have a new dimension with an average length of 336 ± 60 nm and 

diameter of 61 ± 6 nm compared to those of CNCs. The precipitation of Fe3O4 nanoparticles 

over the surface of CNC to form FeCNCs results in a change in the dimensions of FeCNCs, 

which results in a change in the aspect ratio (∼5). The interaction of Fe3O4 deposited over 

the surface of CNC is very strong and remains attached even after intense sonication during 

dispersion during sample preparation for FESEM. 

 XRD Analysis of CNC and FeCNC 

 

Figure 5.2: XRD diffractogram for CNCs and FeCNC 

As seen in Figure 5.2, the XRD diffractogram for the CNCs plot shows a peak at 2θ = 

14.62°, 16.35°, 22.5°, 34.7° representing the crystallographic planes (11�0), (110), (002) 

and (004), which represent the typical cellulose-I structure. The peak at 20.40° is a 

characteristic of crystals with a miller index (021) in cellulose type I polymorph [322]. In 

the XRD diffractogram of FeCNC, new peaks were seen at 2θ = 26.95°, 30.1°, 35.52°, 

43.2°, which corresponds to the crystallographic plane (211), (220), (311), (400) 
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respectively of Fe3O4 nanoparticles. The peak at 2θ = 22.5° corresponds to the (002) lattice 

plane of cellulose I, which confirms the presence of the crystalline CNCs in the system. 

The peak at 2θ = 16.23° shows a slight shift to the new position of 2θ = 16.87° also 

corresponds to crystallographic planes (110) of CNCs. 

 XPS Analysis of CNC and FeCNC 

 

Figure 5.3: (a) Broad XPS spectra of CNC and FeCNC (b) Fe 2p spectra of FeCNC (c) 

O1s spectra of FeCNC and (d) C1s spectra of FeCNC 

CNC and FeCNC were characterized by XPS, and the results are displayed in Figure 5.3. 

Broad spectra of CNC and FeCNC are presented in Figure 5.3a, which proves the presence 

of three elements C, O and Fe, where Fe is exclusively present in the spectra of FeCNC. 

The Fe 2p peak of the FeCNC was split into five peaks, as shown in Figure 5.3b. The two 

peaks positioned at 710.7 eV and 723.9 eV correspond to the peaks of Fe2+ species of 2p3/2 
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and 2p1/2, respectively. Whereas 712.5 eV and 726.1 eV correspond to the peaks of Fe3+
 

species representing 2p3/2 and 2p1/2. Peak 719.4 eV is attributed to a satellite peak, which 

indicates the formation of Fe3O4 nanoparticles over the surface of CNCs. The O1s spectrum 

of FeCNC is represented in Figure 5.3c, which was also deconvoluted into three peaks, 

530.2 eV, 531.3 eV and 533.3 eV. 530.2 eV represents the oxygen anion (O2−) present in 

Fe3O4, and 531.3 eV corresponds to hydroxide (OH−) over the surface of FeCNC due to the 

presence of metal oxides. Whereas the peak 533.3 eV corresponds to the physically 

adsorbed H2O [323–328]. Figure 5.3d depicted C1s spectra of FeCNCs showing three 

peaks at 288.40 eV, 286.46 eV and 284.87 eV representing O–C=O, O–C–O/C=O and C–

O species, respectively [294]. 

 TGA Analysis of CNC and FeCNC 

The thermal behaviour of CNCs and FeCNCs was determined using TGA, TG and 

derivative thermo gravimetric (DTG) curves are shown in Figure 5.3. The thermogram 

shows that there is a slight degradation of CNCs till 100 °C, which is due to the removal of 

moisture and volatile components initially present in the CNCs. After that, another 

degradation profile is observed till 300 °C, also representing the removal of moisture and 

sulphate groups present over the surface of CNCs imparted during sulphuric acid 

hydrolysis, and ∼10% weight loss occurs in this range. The next stage of degradation is 

∼300−400 °C, which is due to the degradation of cellulose, where the cellulose polymer 

chains start to break down. This results in a significant drop in weight, and ∼90% of weight 

loss occurs in this region. And finally, the CNCs get completely decomposed at 650 °C, 

leaving behind no residue. The onset degradation temperature and the temperature at the 

maximum weight loss of CNC occurred at ∼358.66 °C and ∼383.5 °C, respectively. 
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Figure 5.4: TGA profiles for the FeCNCs (red colour) and CNCs (black colour), 

respectively 

On the contrary, FeCNCs contain both CNC and Fe3O4 nanoparticles. The presence of these 

iron nanoparticles can influence the thermal behaviour of the CNC. The initial weight loss 

trend is similar due to the removal of moisture and volatile components, as seen in CNCs. 

Iron nanoparticles are known for its high thermal stability, and the presence of iron 

nanoparticles over the surface of CNC can enhance the overall thermal stability. FeCNCs 

showed high thermal stability as compared to pristine CNCs, with ∼10 % weight loss up 

to 300 °C and 25 % weight loss in the temperature range of 300−500 °C. The onset 

degradation temperature was found to be ∼325 °C, and maximum weight loss occurs at 

∼362 °C. FeCNCs showed higher thermal stability as compared to the incorporation of 

Fe3O4 nanoparticles with the hydroxyl groups of CNCs. The difference in the weight 

percentage at ∼500 °C was used to calculate the amount of Fe3O4 nanoparticles deposited 
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over the surface of CNC, and it was found that ∼50 wt % of the Fe3O4 nanoparticles were 

on the CNC surface. 

 Energy dispersive X-ray spectroscopy (EDX) Analysis of FeCNC 

For confirmation of the elemental composition and the compositional analysis of the 

fabricated FeCNC, EDX technique was used. Figure 5.4 shows the elemental mapping of 

FeCNC. It also provides a quantitative assessment of the elements present in FeCNC, and 

it confirms the presence of iron (Fe), oxygen (O), and carbon (C) in the FeCNCs. 

 

Figure 5.5: Elemental mapping of FeCNC (a) overlay on the image where elemental 

mapping was carried out (b) C (c) O and (d) Fe  

It is noteworthy to mention that EDX confirmed the presence of both iron & oxygen in 

nanoparticles. The average weight percentages obtained from EDX were 47.2 ± 1.4 % of 

Fe, 34.2 ± 0.7 % of O and 18.6 ± 0.7 % of C, which reflect the mass of each element in 
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FeCNC relative to the total mass. The atomic percentages obtained from EDX 

quantification were 18.7 ± 0.9 %. 47.1 ± 0.2%, 34.2 ± 0.7 % of Fe, O and C indicate the 

number of atoms of each element relative to the total number of atoms. This information 

helped in understanding the overall composition of the FeCNCs. The wt% of Fe content 

(47.2 ± 1.4 %) is consistent with the TGA studies (∼50%), which corresponds to the Fe3O4 

nanoparticles that are adsorbed onto the surface of CNCs. Thus, the presence of iron 

nanoparticles on the surface of CNCs opens up possibilities for applications where 

magnetic properties are advantageous. 

 VSM of FeCNCs 

 

Figure 5.6: Magnetic hysteresis loop for fabricated FeCNCs obtained from VSM (at 298 

K) 

Deposition of Fe3O4 nanoparticles over the surface led to the modification of the CNC 

surface. The presence of these Fe3O4 nanoparticles over the CNC surface results in 

magneto-responsive behaviour. The magnetic properties of these prepared FeCNCs were 

evaluated using a vibrating sample magnetometer (VSM) at 298 K. In the hysteresis loops 

of the FeCNCs shown in Figure 5.6, the magnetization reduces from a plateau state to zero 
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on the removal of the magnetic field. The curve also showed low coercivity, having a 

hysteresis loop. This behaviour signifies that the prepared FeCNC particles are 

ferromagnetic due to these Fe3O4 nanoparticles. The saturation magnetization of FeCNC 

obtained is ∼44.01 emu/g, which is almost similar to the previously reported value [329], 

and Fe3O4 have a magnetization saturation value of 91.57 emu/g [330]. The formation of 

ferromagnetic FeCNCs due to the deposition of Fe3O4 particles on bioderived material can 

have a potential application in magneto-responsive membranes for the removal of different 

impurities from wastewater. 

 Characterization of Membrane 

 Morphology of Composite Membrane 

The PVDF and PVDF/CNC membrane surface and fractured cross-sectional surface were 

observed under a FESEM, and the effect of FeCNC on PVDF membranes was observed. 

All membrane surface shows a porous structure; however, pristane PVDF membrane shows 

a less porous surface as compared to the membrane with PVDF/FeCNC membrane. The 

pores are also well distributed over the surface, as shown in Figure 5.7 (a) and (b).  

 

Figure 5.7: Surface morphology of (a) PVDF and (b) PVDF/FeCNC membrane 

While observing the cross-sectional structure, a typical asymmetrical structure was 

observed for all membranes; a very thin skin layer, finger-like channels, and support 
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sponge-like dense layer. The finger-like pores are larger in the PVDF/FeCNC composite 

membrane (Figure 5.8b) as compared to that of the pristine PVDF membrane (Figure 

5.8a), which is due to the spreading of water at a faster rate into the casting solution due to 

the presence of hydrophilic FeCNCs. The presence of FeCNCs also accelerates the process 

of phase separation and, thus, the generation of pores. The length of the finger-like also 

increased in the PVDF/FeCNC composite membrane in comparison to the neat PVDF 

membrane and even extended to the bottom, resulting in more interconnectivity and high 

porosity. The addition of FeCNCs initiated thermodynamic instability of the polymer 

solution and improved gelation and thus formed a more prominent finger-like structure, 

which improves the performance of the membrane [331]. The presence of hydrophilic 

FeCNCs enhances the exchange of solvent and non-solvent during phase inversion; the 

affinity of FeCNCs towards water accelerates the solvent exchange in the casting solution. 

 

Figure 5.8: Cross-sectional image of (a) PVDF and (b) PVDF/FeCNC membrane 

 Hydrophilicity of the Membranes: Contact Angle Measurements 

Contact angle measurement was carried out in order to evaluate the hydrophilicity of the 

PVDF/FeCNC membrane, which mainly depends on surface roughness, membrane 

porosity and composition. The measurement was done immediately after placing the DI 

water drop on the surface of the membrane. A higher contact angle indicates the membrane 
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is hydrophilic, and a lower contact angle indicates the membrane is hydrophilic. Figure 5.9 

depicts the contact angle measurement results of pristine PVDF (M0) membrane and 

PVDF/FeCNC membrane; it is observed that the M0 membrane showed the highest contact 

angle of 85.7° indicating that it is more hydrophobic as compared to the PVDF/FeCNC 

membrane. 

 

Figure 5.9: Water contact angle of PVDF and PVDF/FeCNC membranes 

The WCA decreases with increases in the concentration of FeCNC in the PVDF membrane, 

indicating the increase of the surface hydrophilicity of membranes after blending FeCNC 

in the casting solution. The contact angle decreases from 85.7° to 69.9° with an increase in 

FeCNC concentration from 0.5% to 2%. PVDF is inherently hydrophobic due to its 

fluorinated polymer structure. Incorporating CNCs into the PVDF alters its intrinsic 

hydrophobic surface, as CNCs have a hydrophilic character. When FeCNCs are 

incorporated into the PVDF membrane, they bring these hydrophilic functional groups with 

them. This modification makes the membrane surface more hydrophilic compared to 

pristine PVDF. The decrease in water contact in the composite membrane results from the 
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addition of FeCNCs, imparting more hydrophilicity to the membrane surface due to the 

presence of hydrophilic −OH groups on the surface of FeCNCs and the attachment of Fe3O4 

nanoparticles on the surface of CNCs. Thus, the presence of FeCNCs reduces the contact 

angle of the membrane, indicating that water will spread more readily on the membrane's 

surface. However, the addition of 3% FeCNC to the casting solution increases the contact 

angle to ~82°; the reason behind this is that higher concentrations of FeCNCs do not 

disperse uniformly in the solution and tend to agglomerate. The presence of these 

agglomeration nanoparticles imparts more roughness to the membrane surface, and in turn, 

the contact angle increases. FESEM image of FeCNC is shown in Figure 5.10b, which 

forms agglomeration on the surface of the membrane represented in Figure 5.10a. A high-

resolution (zoomed) FESEM image (Figure 5.10c) of the membrane surface more clearly 

shows the agglomerated FeCNC on the surface of the membrane. 

 

Figure 5.10: Surface morphology of a membrane containing FeCNC at higher 

concentration, (b) rod-shaped image of FeCNC and (c) high-resolution FESEM surface 

image of membrane showing the agglomeration of FeCNC on the membrane 

TH-3202_166107115



142 
 

 Equilibrium Water Content (EWC), Porosity and Pore Size 

The hydrophilic/hydrophobic properties and permeability of membranes are also indirectly 

linked to the determined by the water content. As compared to pristine PVDF membrane, 

the water content is increased due to the hydrophilic character of FeCNC with abundant 

free hydroxyl groups. The water content increased from 60 to ~71% when FeCNC 

concentration increased from 0.5 to 2 wt% in the casting solution, as seen in Figure 5.11a. 

This indicates the membrane formed with FeCNCs is more hydrophilic. The pore size was 

calculated from the surface FESEM image using ImageJ software, and it was found that 

surface pore size for the PVDF/FeCNC membranes ranges from 0.78 to .23 µm, which lies 

in the range of microfiltration. The porosity of the membranes was calculated by 

gravimetric method and shown in Figure 5.11b. It was observed that the porosity for PVDF 

and PVDF/FeCNC membrane was ~53 to 83%. 

The highest porosity was observed in the case of FeCNCM5, which corroborates with the 

improvement of pure water flux (PWF). However, FeCNCM5 is less hydrophilic due to the 

agglomeration of FeCNCs in the casting solution. This increase in porosity can be 

explained by the fact that FeCNC is a hydrophilic material containing abundant −OH on 

the surface, which enhances the diffusion rate of solvent and nonsolvent (water) and results 

in the formation of high porosity. A comparison of contact angle and porosity obtained in 

this work with other available literature is shown in Table 5.1. 
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Figure 5.11: (a) Water content and (b) porosity of the composite membranes 
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Table 5.1: Comparison of contact angle and porosity with other reported works for PVDF 

membranes used for oily-wastewater separation 

Composition Contact Angle (°) Porosity (%) References 

PVDF/CNC/CNT (2 wt%) 46 79 [332] 

PVDF/CNF nanocomposite (5 wt%) -- 78 [96] 

PVDF/MWCNT (1%) 38 89.36 [333] 

PVDF/PSNT (silica nanotubes) 43.2 48 [334] 

PVDF (different solvent) 70-75 60-80 [335] 

PVDF/PC (20%) 71 35 [336] 

PVDF/FeCNC (2 wt%) ∼70 ∼83 This work 

 Performance Evaluation of the Fabricated Membrane 

 Pure Water Flux (PWF) of PVDF/CNC Membrane and PVDF/FeCNC 

Membrane 

The prepared membranes were tested to find the PWF in order to evaluate its filtration 

performance. Initially, the testing was carried out in a dead-end filtration setup, for 2 h 

followed by testing the membrane in a cross-flow continuous membrane testing setup. It is 

evident from the dead-end filtration test results that an increase in the concentration of 

nanoparticles in the membrane results in an improvement of flux. It was observed that the 

highest PWF, ∼34 L/m2h was obtained for M3 with CNC content of 3 wt%. Comparing 

the performance of PVDF/FeCNC membranes with that of PVDF/CNC membranes, the 

flux obtained is significantly higher. The introduction of iron modified CNC into the 

membrane matrix results in high flux values. The highest average flux was obtained in the 

case of FeCNCM5 ~188 L/m2h, which is significantly higher than M0, having a flux of ~18 

L/m2h (Figure 5.12a & b). Several factors that contributed to the improvement in flux of 
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PVDF/FeCNC membrane includes the increase in membrane porosity and hydrophilicity. 

The addition of FeCNC not only increase the pores within the membrane, it also imparts 

hydrophilicity to the membrane due to the inherent hydrophilic nature of CNCs. This 

facilitates better water flow through the pores of the membrane resulting in improved flux 

which is prominent in case of FeCNCM5. Thus, these results also signify the importance 

of incorporating FeCNC in the PVDF matrix for improvement in membrane properties. It 

is also noteworthy to mention that the flux of all the PVDF/FeCNC membranes are 

significantly higher than the corresponding PVDF/CNC membrane containing equal wt% 

of CNC. Thus, modified CNC with iron nanoparticles can be a better additive than 

unmodified CNC, for improving the performance of the membrane. A comparison of PWF 

for different membranes is shown in Figure 5.13. The same amount of added nanomaterials 

shows that the PWF of a PVDF/FeCNC membrane was greater than that of a PVDF/CNC 

membrane. Thus, a PVDF membrane incorporated with FeCNCs exhibits improved 

filtration performance, as it can resist the adhesion of hydrophobic contaminants, leading 

to longer filtration runs and more efficient separation. 
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Figure 5.12: Comparison of PWF through (a) PVDF/CNC membranes and (b) 

PVDF/FeCNC membranes 
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Figure 5.13: Comparison of PWF for PVDF/CNC and PVDF/FeCNC membranes 

 Crude Oil-Water Emulsion Separation by PVDF/FeCNC Membrane 

After carrying out the different characterization and PWF of all the membranes, it was 

found that PVDF/FeCNC membranes have better performance than PVDF/CNC 

membranes. Hence, PVDF/FeCNC was used for crude oil-water emulsion separation in a 

dead-end filtration test setup. A similar trend of increasing flux has been observed with an 

increase in FeCNC concentration (Figure 5.14). The highest flux obtained during oil-water 

separation is ~70 L/m2h for FeCNCM4. 
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Figure 5.14: Water flux for PVDF/FeCNC membranes during crude oil-water emulsion 

separation in dead-end membrane test setup 

A similar oil-water separation experiment was carried out for PVDF/FeCNC membranes 

in a cross-flow membrane test setup continuously for 48 h. Initially, the flux measurements 

were taken every 10 min, represented in Figure 5.15a, followed by measurements after 

every 2 h for the initial 12 h, and then it was measured after every 6 h for 48 h, shown in 

Figure 5.15b & Figure 5.15c respectively. A stable flux was obtained for an initial 12 h 

(the highest flux obtained is 80 to 70 L/m2h for 12 h), and a slight decrease in flux was 

observed when measured for 48 h. A comparison of average water flux for dead-end and 

cross-flow filtration is shown in Figure 5.15d. 
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Figure 5.15: Water flux during oil-water separation for PVDF/FeCNC membrane 

measured in cross-flow membrane testing setup (a) for initial 2 h reading taken at 30 min 

interval (b) for next 12 h reading taken at 1 h interval (c) from 12 h to 48 h reading taken 

at 12 h interval (d) comparison of average water flux for dead-end and cross-flow 

filtration 

 Crude Oil Rejection, Flux Recovery Ratio (FRR) and Flux Decline Ratio 

The efficacy of the membrane for crude oil rejection was evaluated by filtering crude oil in 

water emulsion with an initial crude oil concentration of 1000 mg/L. A UV-visible 

spectrophotometer was used to measure the crude oil concentration in the feed and 

permeate,   which relied on a calibration curve (shown in Figure 5.16b) prepared by 

diluting the stock solution to 18 mg/l, 12 mg/l, 9 mg/l, 4 mg/l, 1 mg/l and 0.5 mg/l times 

(absorption spectra represented in Figure 5.16a. Finally, equations 2.7 and 2.8, 
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respectively, were used to obtain the crude oil rejection and flux recovery ratio, 

respectively. 

 

Figure 5.16: (a) UV-vis absorption spectra of crude oil emulsion with 18 mg/l, 12 mg/l, 9 

mg/l, 4 mg/l, 1 mg/l and 0.5 mg/l (b) UV calibration curve for crude oil-water emulsion 

(c) crude oil rejection for different PVDF/FeCNC membrane (d) flux recovery ratio 

As seen from Figure 5.16c, the crude oil rejection of the M0 membrane is ~95%, and it 

increases to ~99% for FeCNCM3. The rejection gradually increases with an increase in 

FeCNC concentration in the membrane from 0.5% to 1.5% and decreases to 93% in the 

case of FeCNCM4. Initially, the increase in rejection is due to the increase in hydrophilicity 

of the membrane. However, at higher concentrations of FeCNC, the decrease in rejection 

is mainly due to increases in the size of the pores, which allow more oil droplets to pass 

through the membrane. However, all the membrane shows oil rejection of more than 90%, 
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and all PVDF/ FeCNC membrane shows a higher FRR of ~90% (Figure 5.17b). A 

comparison of flux and oil rejection for PVDF membrane with other additives with the 

work is presented in Table 5.2. 

 

 
Figure 5.17: (a) Comparison of PWF and crude oil emulsion flux (b) water FRR 
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Table 5.2: Comparison with other reported works for PVDF membranes used for oily 

wastewater separation 

Membrane Pressure 
(kg/cm2) 

Flux 
(L/m2h) 

Rejection 
(%) 

References 

PVDF/CNC/CNT (2 wt%) 1 230.8 92 [332] 

PVDF/MWCNT 1 683.17 99.89 [333] 

PVDF/PSNT (silica 

nanotubes) 
1 407 95.5 [334] 

PVDF (different solvent) 1.5 92 97.4 [335] 

PVDF/PC (20 wt%) 0.07 22.11 97.8 [336] 

PVDF/TBC (3%) 2 60.5 99.5 [337] 

PVDF 2 ∼60.5 94 [338] 

PVDF-TiO2/Al2O3 0.5-1.0 260 -- [339] 

PVDF/FeCNC 1 
(2 wt%) 78 

(3 wt%) 188 
98.5 This work 

 Summary 

The chapter describes the advantages of incorporating FeCNCs into PVDF membranes and 

emphasizing their role in enhancing the performance of the PVDF membranes for water 

treatment and oil-water separation applications. The presence of FeCNCs accelerates the 

phase separation process during the formation of PVDF/FeCNC membrane, leading to the 

generation of well-defined pores in the membrane which leads to the improvement in 

performance of the membrane. The presence of FeCNCs within the PVDF matrix results 

in substantial enhancement in the membrane's permeation flux. Compared to pristane 

PVDF membrane, the oil removal capacity of, PVDF/CNC, and PVDF/FeCNC membranes 

is significantly higher. Furthermore, it was observed that the increase in concentration of 
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FeCNC concentration in the casting solution results in decrease in contact angle of the 

membranes. This reduction in the contact angle of the membrane, indicating an 

improvement in its hydrophilicity of the membrane, which plays a crucial role in oil-water 

separation. This improved hydrophilicity is likely due to the interaction between FeCNCs 

and water molecules, leading to a more open membrane structure and better water 

permeation. The results show that the PVDF/FeCNC membrane has a significantly higher 

PWF (77.75 L/m2h with 2% FeCNC and 188.11 L/m2h with 3% FeCNC) than the pristine 

PVDF membrane (18 L/m2h) at a pressure of 1 kg/cm2. This significant improvement in 

permeation flux makes the PVDF/FeCNC membrane a promising material for water 

treatment applications. 
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Effect of Magnetic Field on PVDF-FeCNC during Membrane 
Formation and its Oil-Water Separation Performance 

This chapter discusses about the fabrication of polyvinylidene fluoride (PVDF) 

nanocomposite membrane using self-synthesized magnetic cellulose nanocrystal (FeCNC) 

as an additive. The main motive is to study the effect of a magnetic field (350-450 gauss) 

applied during the coagulation process on the characteristics and performance of the 

membrane. The application of a magnetic field helps in the movement of these magnetic 

nanoparticles towards the direction of the applied magnetic field (to the surface). Thus 

improving the hydrophilic property of the membrane. The performance of the FeCNC-

incorporated membrane was examined by measuring the pure water flux (PWF) and oil 

rejection capacity. EDX mapping results of the membrane indicate that FeCNCs migrate 

to the surface of the membrane when coagulated under a magnetic field. This migration of 

FeCNCs to the surface improves the hydrophilic property of the membrane and thus results 

in superior antifouling properties. 

 

 

Research outputs of this chapter: “Magnetic field assisted coagulation bath for 

preparation of PVDF/FeCNC membrane and its performance for oil-water separation”, 

Manuscript under preparation  

Patent: “Aligned magnetic cellulose nanocrystal-based polymeric membrane for oil-water 

separation and purification of water”. (Application No.: 202231052371). 
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 Introduction 

To further improve the properties of the membrane, new and novel techniques are being 

employed for the fabrication of membranes. As discussed in Chapter 5, magnetic 

nanoparticles (mNPs) are being widely used in membrane fabrication due to their unique 

properties and good dispersal. mNPs such as FeO, Fe2O3, Fe3O4, and other metal oxides or 

nanohybrid materials like GO/iron oxide nanohybrids and metal oxide/SiO2 are gaining 

considerable importance in membrane fabrication due to their superior chemical and 

mechanical properties. The addition of mNPs during membrane preparation can improve 

water flux, rejection, mechanical strength, water filtration efficiency, and fouling 

resistance. These properties can be further improved by tailoring the surface properties of 

the membrane by following a strategy to manipulate the distribution of mNPs on the 

surface. This can be achieved by applying a magnetic field during the membrane fabrication 

process. The applied magnetic field can help in increasing the stability of the mNPs and 

settling to the bottom of the solution during membrane casing. Further, it enhances the 

homogeneity and uniformity in the prepared membrane and forces the mNPs to migrate to 

the surface of the membrane. Moreover, the magnetic field applied during the process can 

affect the pore structure of the membrane, which results in changes in the permeability and 

selectivity of the membrane. Thus, using magnetic fields during membrane fabrication can 

improve the properties and enhance the performance of membranes. For instance, the 

addition of magnetic Fe3O4 nanoparticles by phase inversion method led to the preparation 

of a PSF–Fe3O4 composite membrane whose performance was evaluated under a magnetic 

field [154]. Also, the application of a magnetic field during the formation of 

Fe3O4/GO/PVDF membranes resulted in improved pure water flow, hydrophilicity, and 

antifouling characteristics [214]. Similarly, the use of ZnFe2O4/SiO2 as mNPs during the 

fabrication of the polyethersulfone (PES) nanocomposite membrane by phase inversion 
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method under a magnetic field led to the enhancement of the hydrophilicity of the 

membrane surface. The magnetic treatment of the casting solution resulted in the 

orientation of the nano-fillers in the top layer of the membrane, which influenced the pure 

water flux, hydrophilicity, and antifouling properties of the fabricated membranes [215]. 

Hence, inspired by the use of Fe3O4 nanoparticles for the preparation of nanocomposite 

membrane herein, we discussed the use of Fe3O4/CNC nanohybrid material (designated as 

FeCNC) as an additive with polyvinylidene fluoride (PVDF) for membrane fabrication. 

PVDF/FeCNC were fabricated by phase inversion method under a magnetic field and thus 

able to migrate FeCNC to the top surface of the PVDF membrane. FeCNC has been added 

in different weight percentages in PVDF dope solution in the current study. The effect of 

the addition of different weight percentages of FeCNCs and its effect on the magnetic field-

induced phase inversion was investigated. So far, there are no studies on the use of FeCNC 

mNPs in PVDF membrane fabrication and examining the influence of magnetic field-

induced casting on the membrane structure, performance and antifouling behaviour. The 

prepared membranes were evaluated for different properties, including morphology, 

porosity, hydrophilicity, water flux, oil rejection and antifouling properties. The addition 

of FeCNCs has attracted more attention due to its excellent hydrophilicity; the hydrophilic 

nature facilitates the movement of water molecules through the membrane, enhancing the 

water flux and filtration efficiency. Additionally, it also provides a high surface area, 

offering more area for interactions with target substances during the filtration process, low 

toxicity, thermal stability and biocompatibility, with the added advantage of having 

magnetic properties by incorporation of Fe3O4 nanoparticles to the CNC surface. These 

characteristics make the membrane well-suited for a wide range of applications, including 

those involving sensitive biological or biomedical processes, where safety and stability are 

important. 
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 Results and Discussion 

The results and observations obtained from various analytical methods are discussed in this 

section of the chapter, along with probable scientific explanations.    

 Effect of the Magnetic Field-Induced Coagulation During Phase Inversion on 

the Performance of PVDF/FeCNC Membrane 

 Morphology and Elemental Composition Analysis of Membrane Surface 

Obtained from EDX Analysis 

As reported before, FeCNC was prepared by the co-precipitation method. FESEM image 

shows the deposition of iron nanoparticles over the surface of CNCs uniformly to form 

FeCNCs. These spherical iron nanoparticles decorated over the surface of rod-shaped CNC 

give rise to a rough rod-shaped morphology (Figure 6.1). The prepared FeCNCs have a 

dimension with an average length of 336.32 ± 60.17 nm and a diameter of 61.14 ± 5.79.  

 

Figure 6.1: FESEM image of FeCNC, showing Fe nanoparticles decorated on the surface 

of CNC 
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The surface and the cross-sectional morphology of the membrane prepared with FeCNC 

without magnetic field and with magnetic field are depicted in SEM images in Figure 6.2b 

& b1 and Figure 6.2 c & c1, respectively and compared with the membrane prepared 

without FeCNC. All membrane shows pores on their surface; however, the pores increase 

in the addition of FeCNC to the membrane. Neat PVDF membrane shows lesser pores as 

compared to the membrane with FeCNC (Figure 6.2a & a1). The membrane containing 

FeCNC, fabricated with and without the influence of the magnetic field, has no significant 

difference in pores at the surface. Similar to other membranes reported in previous chapters, 

the cross-sectional image of all membranes shows a typical asymmetrical structure with a 

very thin skin layer, finger-like channels and support sponge-like dense layer. The finger-

like structure is more prominent in the membrane containing FeCNC, which is due to the 

spreading of water faster into the casting solution due to the presence of hydrophilic 

FeCNCs. The presence of FeCNCs also accelerates the process of phase separation and 

promotes the exchange between solvent and nonsolvent and, thus, the generation of more 

pores. But when compared with the membrane fabricated with a magnetic field, larger 

microvoids have been observed, and it is seen that the microvoids improve with an increase 

in the amount of mNPs [340]. These microvoids promote water passage through the 

nanocomposite membrane. Therefore, it can be inferred that the application of a magnetic 

field in the coagulation process significantly influences the formation of microvoids in the 

membrane cross-section. The migration of mNPs towards the direction of the field 

enhances the pore formation process. The application of an external magnetic field affects 

the trajectory of the FeCNC particles during the phase inversion process, thus changing the 

finger-like structure of the membrane [341]. It is also speculated that the improvements or 

formation of enlarged microvoid structures results in improving the permeability and 

antifouling ability of the membrane. 
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Figure 6.2: FESEM images of (a) top surface (a1) cross-sectional image of neat PVDF (b 

& b1) top surface & cross-sectional image of PVDF/FeCNC membrane fabricated 

without magnetic field (c & c1) top surface & cross-sectional image of PVDF/FeCNC 

membrane fabricated with magnetic field 
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 Migration of FeCNC by the Influence of Magnetic Field 

Figure 6.3 shows the EDX spectrum of  PVDF and PVDF/FeCNC composite membranes. 

The EDX spectrum of the neat PVDF membrane does not show any peak of Fe (Figure 

6.3a), whereas the membrane containing FeCNC shows a prominent peak of Fe (Figure 

6.3b). The number of peaks is higher in PVDF/FeCNC membrane fabricated under the 

influence of a magnetic field and becomes more prominent (Figure 6.3c). 

 

Figure 6.3: EDX spectrum of (a) PVDF membrane, (b) PVDF/FeCNC membrane, and (c) 

PVDF/FeCNC membrane prepared under the influence of magnetic field 
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Figure 6.4a shows a 50 kX magnified FeSEM image of the PVDF/FeCNC membrane 

without magnetic files, and Figure 6.4b shows an image of the PVDF//FeCNC membrane 

fabricated by the influence of the magnetic field. The migration of rod-shaped FeCNC to 

the surface of the membrane by the application of a magnetic field can be clearly seen in 

Figure 6.4d. EDX analysis of the surface of the membrane gives the elemental content of 

the surface represented in Table 6.1. It is observed that there is no iron content in the neat 

PVDF membrane and 0.58% iron on the surface of the membrane with FeCNC prepared 

without a magnetic field. However, the case of PVDF/FeCNC membrane prepared with the 

influence of a magnetic field shows 11.08% of Fe on the surface. This increase in Fe content 

is due to the migration of FeCNC particles to the surface of the membrane during the 

coagulation process under the influence of a magnetic field. The added magnetic field 

forces the FeCNC particles to migrate and enrich the surface. 

Table 6.1: Elemental composition of each membrane surface obtained from EDX analysis 

Elements 

Weight % 

PVDF membrane PVDF/FeCNC 
PVDF/FeCNC 

(magnetic field) 

C 45.38 36.30 27.55 

O 2.78 3.80 26.11 

Fe -- 0.58 11.08 

F 45.33 53.12 22.06 

Au 6.51 6.21 13.20 

To emphasize more on the migration of FeCNC to the surface of the membrane, EDX 

mapping of the Fe element was performed on the cross-section of the membranes. As seen 

in Figure 6.4c, the concentration of Fe is uniformly distributed in the PVDF/FeCNC 

membrane cast without a magnetic field. But in the case of PVDF/FeCNC (Figure 6.3d) 
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membrane cast under the influence of the magnetic field, the concentration of Fe (number 

of dots) on the surface of the membrane is higher than the inner layer of the membrane; this 

also indicates the migration of hydrophilic FeCNC towards the top layer of the membrane. 

Therefore, the fabrication of a PVDF/FeCNC membrane with magnetic field-induced 

coagulation and phase inversion can successfully enhance the accumulation of FeCNC on 

the surface of the membrane. 

 

Figure 6.4: FESEM image of the top surface of the PVDF/FeCNC membrane (a) 

coagulated without magnetic field (b) coagulated under magnetic field. EDX mapping of 

Fe element in PVDF/FeCNC membrane (c) coagulated without magnetic field and (d) 

coagulated under magnetic field 
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 Vibrating Sample Magnetometer (VSM) Analysis of PVDF/FeCNC Membranes 

The presence of these Fe3O4 nanoparticles over the CNC surface results in magneto-

responsive behaviour. The magnetic properties of these prepared FeCNCs were evaluated 

using a vibrating sample magnetometer (VSM) at 298 K. The hysteresis loops of the 

FeCNCs are shown in Figure 6.5a; the magnetization reduces from a plateau state to zero 

on the removal of the magnetic field. It is evident from the VSM curves that FeCNCs 

showed very low coercivity without any distinct hysteresis loop and absence of remanence, 

confirming the presence of the superparamagnetic Fe3O4 nanoparticles in the system. This 

behaviour signifies that the prepared FeCNC particles are superparamagnetic due to these 

Fe3O4 nanoparticles. The saturation magnetization of FeCNC obtained is ∼44.01 emu/g, 

which is almost similar to the previously reported value [329]. The formation of 

superparamagnetic FeCNCs due to the deposition of Fe3O4 nanoparticles on bioderived 

material can potentially be applied in magneto-responsive membranes to remove different 

impurities from wastewater. The magnetic property of the membrane was also evaluated 

for all the membrane incorporation of FeCNC into it. The plot for M–H curves from VSM 

for all the fabricated membranes are plotted and represented in Figure 6.5b. These curves 

also represent without any distinct hysteresis loop, the value of magnetization for the 

membrane is lower as compared to the value of FeCNC ∼44.01 emu/g. PVDF is a 

nonmagnetic material, but the incorporation of mNPs increases the magnetization value of 

the membrane (Figure 6.5c). The magnetization value of the membrane increases from 

0.13 to 2.79 emu/g with an increase in the amount of FeCNC from 0.5 wt% to 2 wt%. 
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Figure 6.5: (a) Magnetic hysteresis loop for the fabricated FeCNCs (b) for membrane 

with different concentrations of FeCNCs (0, 0.5, 1, 1.5 and 2%) (c) magnetization vs 

different membranes containing different % of FeCNCs 

 Hydrophilicity of the Membranes: Contact Angle Measurements 

Contact angle measurement was carried out to evaluate the hydrophilicity of the 

PVDF/FeCNC membrane, which mainly depends on surface roughness, membrane 

porosity and composition. The measurement was done immediately after placing the DI 

water drop on the surface of the membrane. A higher contact angle indicates the membrane 

is hydrophobic, and a lower contact angle indicates the membrane is hydrophilic. 
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Figure 6.6: Contact angle for PVDF/FeCNC membrane fabricated under the influence of 

magnetic field 

Figure 6.6 depicts a comparative contact angle results of PVDF/FeCNC membrane 

fabricated with magnetic field and without magnetic field. The pristine PVDF (M0) 

membrane showed the highest contact angle of 85.7°, indicating that it is more hydrophobic 

as compared to the PVDF/FeCNC membrane. The water contact angle decreases with 

increases in the concentration of FeCNC in the PVDF membrane, indicating the increase 

of the surface hydrophilicity of membranes after blending FeCNC in the casting solution. 

However, the PVDF/FeCNC membrane prepared with the influence of a magnetic field 

shows a lower contact angle than the membrane prepared without a magnet field. The 

contact angle decreases from 85.7° to 69.9° with an increase in FeCNC concentration from 

0.5% to 2% for PVDF/FeCNC membrane without magnetic field, but for the same 

composition with the magnetic field, the contact angle reduced from 85.67° to 61°. The 

decrease in water contact angle in the composite membrane results from the addition of 
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FeCNCs imparts more hydrophilicity to the membrane surface due to the presence of 

hydrophilic −OH groups on the surface of FeCNCs and the attachment of Fe3O4 

nanoparticles on the surface of CNCs. Due to the migration of FeCNC to the surface, it 

imparts more hydrophilicity to the membrane. 

 Porosity and Pore Size Measurements of PVDF/FeCNC Membrane Fabricated 

with and without Magnetic Field 

It was observed that the porosity for PVDF and PVDF/FeCNC (2%) membrane was ~53 

and 80.21%, respectively. The highest porosity was observed in the case of FeCNCM4, 

which corroborates with the results of improvement in pure water flux. This increase in 

porosity can be explained by the fact that FeCNC is a hydrophilic material containing 

abundant −OH on the surface, which enhances the diffusion rate of solvent and nonsolvent 

(water), resulting in the formation of high porosity [342]. As measured from the porometer, 

the pore size increases from 0.036 ± 0.003 µm to 0.082 ± 0.003 µm when FeCNC 

concentration increased from 0% to 2%. The increase in pore size is also related to the 

increase in the porosity of the membrane with an increase in the concentration of FeCNC. 

Further, the porosity and pore size of the PVDF/FeCNC membranes were fabricated with 

the influence of the magnetic field. Figure 6.7a represents the comparative plot of porosity 

vs increase in FeCNC concentration. There is a nominal increase in the porosity for 

membranes containing 0.5 and 1% FeCNC, but a significant change in porosity was 

observed for membranes containing 1.5 and 2% FeCNC when it is fabricated under the 

influence of the magnetic field. The porosity improved approximately from 71.13 to 

82.24% and 80.21 to 88.79% in the case of 1.5% and 2% FeCNC respectively. At a lower 

concentration of FeCNC, there is no significant change in the pore size, but when 

concentration increases to 1.5 and 2%, a noticeable improvement in the pore size is 

observed, as seen in Figure 6.7b. The pore size increased from 0.063 to 0.076 microns and 
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0.082 to 0.095 microns for the membrane containing 1.5 and 2% FeCNC. It is also clearly 

noticed from the FESEM image that the membrane fabricated under the influence of 

magnetic field results in the formation of larger macro voids in the membrane cross-section, 

promoting water passage through the nanocomposite membrane. 

 

 

Figure 6.7: (a) Porosity and (b) pore size measurements of PVDF/FeCNC membrane 

fabricated with and without magnetic field 
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 Comparison of Pure Water Flux (PWF) of PVDF/FeCNC Membrane 

Fabricated with and without Magnetic field 

 

Figure 6.8: PWF for PVDF/FeCNC membrane (a) prepared without magnetic field, (b) 

with the magnetic field, and (c) comparison of PWF for both types of membranes 

The prepared membranes were initially tested for pure water flux, and the stable water flux 

after 30 min of filtration was reported. It was observed that an increase in the concentration 

of nanoparticles in the membrane results in an improvement of flux, which may be due to 

the increase in porosity and hydrophilicity. Flux for PVDF/FeCNC membrane prepared 

with the magnetic field is significantly higher than PVDF/FeCNC prepared without 

magnetic field at a higher concentration of FeCNC. The percentage improvement in flux 

for FeCNCM1 and FeCNCM2 is ~39 and 40.50%, respectively. The improvement is more 

significant when the concentration of FeCNC is increased further to 1.5 and 2%. The PWF 
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increased by 109.68% and 120.22% for 1.5 and 2% FeCNC, respectively. The highest flux 

obtained was 168.11 L/m2h and 214.65 L/m2h for the PVDF/FeCNC membrane with 2% 

and 3% FeCNC, respectively, prepared with the influence of the magnetic field. The 

increase in flux is also due to the increase in the size of the pore, and the improvements or 

formation of enlarged macro void structures results in improving the permeability of water. 

A comparison of PWF for different membranes is shown in Figure 6.8. The same number 

of added nanomaterials shows that the PWF of a PVDF/FeCNC membrane fabricated under 

the influence of a magnetic field was greater than that of a PVDF/FeCNC prepared without 

the influence of the magnetic field. 

 Performance Evaluation of the Fabricated Membrane 

 Crude Oil-Water Emulsion Separation by PVDF/FeCNC Membrane 

After conducting all the characterization, the membranes were tested for oil-water emulsion 

separation with an oil concentration of 1000 mg/l of crude oil in the feed. Similarly, the 

crude oil-water separation flux is also reported after 30 min of filtration of oil-water 

emulsion. It was observed before that PVDF/FeCNC membranes have better performance 

than PVDF/CNC membranes. But the oil-water separation performance is further enhanced 

for the membrane prepared under the influence of the magnetic field; the highest flux 

obtained was ~117 L/m2h for FeCNCM4, which was only ~70 L/m2h from the same 

FeCNCM4 prepared without magnetic field. A ~67% improvement in water flux for oil-

water separation was obtained for membranes fabricated under the influence of a magnetic 

field. Stable water flux after compaction of the membrane for 30 min is shown in Figures 

6.9 (a & b). The flux increases with an increase in the concentration of FeCNC in the 

membrane, but the increment is more in the case of the membrane prepared with the 

magnetic field. A comparative plot for stable flux obtained for both types of membrane is 

also represented in Figure 6.9c. The PVDF/FeCNC membrane fabricated with the 
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influence of a magnetic field was also tested for its recyclability. The membrane was used 

for three different cycles; it was observed that there was no significant decrease in water 

flux for the membranes represented in Figure 6.9d. Thus, it also signifies that the 

membrane can be reused after a simple cleaning by washing with clean water, and there 

will be no loss in the water flux. 

 

Figure 6.9: Water flux during oil-water separation for PVDF/FeCNC membrane (a) 

prepared without magnetic field (b) with the magnetic field (c) a comparison of water 

fluxes for both types of membranes (d) water flux for three different cycles 

(measurements taken in dead-end filtration setup) 

To further check the long-term stability and performance of the membrane, the membranes 

were used for filtration of oil in water emulsion in a cross-flow membrane test setup for 48 

h. The flux increases with an increase in the concentration of FeCNC in the membrane 
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(Figure 6.10). The decrease in flux with time in the cross-flow test is comparatively low 

for each membrane compared to the dead-end test setup. Due to the deposition of the cake 

layer over the membrane, there is a reduction in the cross-flow setup as compared to the 

dead-end test setup. Figure 6.10 (a, b & c) shows the water flux during oil-water separation 

for PVDF/FeCNC membrane fabricated by using a magnetic field for initial 2 h, 12 h and 

48 h, respectively, and a comparison batch and continuous filtration flux during oil-water 

separation is shown in Figure 6.10d. 

 

Figure 6.10: Water flux during oil-water separation for PVDF/FeCNC membrane 

prepared with the magnetic field (a) for initial 2 h readings are taken at 30 min interval 

(b) for next 12 h readings are taken at 1 h interval (c) from 12 h to 48 h readings are taken 

at 12 h interval (d) comparison of average water flux for dead-end and cross-flow 

filtration 
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 Crude Oil Rejection, Flux Recovery Ratio (FRR) and Flux Decline Ratio 

The crude oil rejection performance of the membranes was observed by filtering crude oil 

in water emulsion at an initial crude oil concentration of 1000 mg/L. The concentration of 

crude oil in feed and permeate was determined with UV–visible spectrophotometer. UV 

calibration curve was prepared by diluting the stock solution to 18 mg/l, 12 mg/l, 9 mg/l, 4 

mg/l, 1 mg/l and 0.5 mg/l times. The UV calibration curve shown in Figure 6.11a was used 

to find out the concentration of crude oil in the solution after filtration. The crude oil 

rejection and flux recovery ratios were calculated using equations 8.6 and 8.7, respectively. 

 

Figure 6.11: (a) UV calibration curve for crude oil-water emulsion (b) crude oil rejection 

for different PVDF/FeCNC membranes fabricated using magnetic field 

The rejection percentage of crude oil for each membrane is shown in Figure 6.11b. The 

crude oil rejection of the membrane with FeCNC cast under the magnetic field increases 

with an increase in the concentration of FeCNC and rejects more than ~99% of oil when 

FeCNC concentration is 2%. The rejection increases due to the migration of hydrophilic 

FeCNCs to the surface of the membrane and makes the membrane more hydrophilic, which 

allows easy access to the water to pass through. This is also indicated by the reduction in 

the contact angle and increase in the size of the macro voids in the membrane cross-section, 
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as seen in the FESEM images. Hence, all the PVDF/FeCNC membrane fabricated with the 

influence of magnetic field shows a higher flux recovery ratio of ~98%. 

 

 

Figure 6.12: (a) Flux recovery ratio (FRR) values (b) reversible and irreversible fouling 

resistance ratio of PVDF and PVDF/CNC membranes 
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The flux recovery ratio (FRR) was determined for all the membranes to determine the 

antifouling capacity. The antifouling property of the fabricated membrane was studied by 

filtering DI water followed by oil-water emulsion and again followed by DI water, and then 

FRR was calculated. From Figure 6.12a, it is seen that the FRR increases from ~55 to 

92.2% when FeCNC content increases from 0 to 2 wt% in the polymer solution. This 

indicated a significant improvement in the antifouling property of the PVDF/FeCNC 

composite membrane when fabricated with the influence of a magnetic field. To further 

analyze the antifouling performance, the total flux decline ratio (DRt), reversible flux 

decline ratio (DRr) and irreversible flux decline ratio (DRir) are evaluated for all the 

membranes represented in Figure 6.12b. The DRt and DRr value decreases, and DRir 

increases with increasing the FeCNC content. This indicates that fouling caused by the oil 

on the composite membranes is minor and can be recovered with a simple cleaning by 

backwashing. 

To find out the formation of the cake layer and elemental composition of the deposited 

layer over the membrane after oil-water separation, FESEM image and EDX analysis were 

carried out. FESEM image of the top surface (Figure 6.13a) indicated the blockage of pores 

due to the deposition of foulants over it, but when the cross-section image (Figure 6.13b) 

of the fouled membrane was observed, no deposition was found inside the pore channels 

of the membrane. It can be concluded that the fouling occurs only on the surface and not 

inside the pores of the PVDF/FeCNC membrane, and hence, it shows better flux recovery 

and almost equal flux when tested for different cycles. The EDX analysis indicates the 

presence of a higher percentage of carbon, oxygen and fluorine, which is obviously 

contributed by the hydrocarbons present in the crude oil and the composition of the 

membrane. Apart from these elements, different heavy elements are also deposited over the 

membrane surface, which is presented in Figure 6.13c. 
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Figure 6.13: FESEM image of the fouled membrane of (a) top surface, (b) cross-sectional 

and (c) elemental composition of the top surface of the membrane containing cake layer 

over the membrane after oil-water separation 

 Summary 

The findings from this chapter give an insight into the benefits of incorporating FeCNC 

into the membrane casting solution and applying a magnetic field during the membrane 

fabrication process. These modifications in method for membrane fabrication results in 

remarkable enhancements in the membrane's properties, specifically its hydrophilicity, 

porosity, PWF, and oil rejection capacity. The improvements in the membrane 

characteristics can be attributed to the deliberate application of a magnetic field during the 

fabrication process. These FeCNCs migrate towards the surface of the membrane, leading 
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to a surface enrichment of FeCNC and a corresponding improvement in membrane 

properties. It is notable that there is a significant increase in the water flux during oil-water 

separation for PVDF/FeCNC membranes prepared under the influence of magnetic field. 

The is a 67% improvement in water flux for oil-water separation, indicating a significant 

performance advantages conferred by this novel approach. This increase is flux is directly 

attributed to the magnetic field-driven surface enrichment of membrane by FeCNC, which 

enhances the membrane's permeability and thus its water transport capabilities. 

the application of a magnetic field increases the FeCNC content on the 

surface of the membrane and thus improves the oil rejection rate of the membrane. When 

the FeCNC concentration is 2%, a remarkable level of more than 99% oil rejection is 

achieved, which highlights the potential of using FeCNC combined with the application of 

a magnetic field during membrane fabrication. Therefore, application of FeCNC as a cost-

effective, bio-derived filler in polymeric membranes and applying a magnetic field during 

fabrication can be a promising alternative for developing high-performance, antifouling 

membranes tailored for oil-water separation. 
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Conclusions and Future Prospects  

This is the final chapter that summarizes the findings of the research work, and also, the 

chapter will provide suggestions for the future scope of the work. 

The first part of the research found that the addition of oligo lactic acid conjugate chitosan 

(OCH) as a bio-dispersant for oil spills can be a potential substitute for synthetic chemical 

dispersants. The addition of OCH results in a more stable emulsion compared to the 

emulsion stabilized by only xanthan gum (XG). The droplet size measurement indicated no 

significant increase in the size of the droplets; the initial size was 1457 ± 288 nm, which 

changed to 1894 ± 748 nm after 3 weeks. It indicated that the crude oil droplets are stable 

against coalescence compared to the crude oil emulsion in water, where the droplet size 

was 5294 ± 2096 nm, which increased to 9799 ± 3369 nm. The isolated bacteria were 

characterized as gram-negative and identified as Pseudomonas aeruginosa by 16S rRNA 

gene sequencing. These bacteria have the capability to degrade crude oil and also to 

produce surfactant, which assists in the degradation process. The percentage degradation 

of hydrocarbon present in crude oil by Pseudomonas aeruginosa CoE-SusPol3 was due to 

the synergistic effects of XG and OCH, which increased significantly to 74.31% compared 

to the system with XG (51.84%) and crude oil alone (34.06%). Such synergistic effects of 

biopolymers as bio-dispersants and microbial degradation could result in a novel 

environment-friendly oil spill remediation technology for treating accidental oil spills. The 

second part of the research discusses the use of cellulose nanocrystal (CNC) for membrane 

application. CNC has enormous potential, which makes it ideally suitable for membrane 

applications, and the production cost is also reduced with the advent of new and efficient 

methods. A new class of hybrid material, magnetic cellulose nanocrystal (FeCNC), was 

prepared by co-precipitation techniques and used along with polyvinylidene fluoride 
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(PVDF) for membrane fabrication, which improved the performance of the membrane. The 

effects of coagulation under a magnetic field on the characteristics of the PVDF/FeCNC 

membranes were evaluated. The results indicated that adding FeCNC nanoparticles to the 

casting solution improved the hydrophilicity of the membrane surface due to the migration 

of FeCNCs towards the direction of the applied field. The water contact angle was reduced 

from 85.67° to 61°. The porosity improved approximately from 71.13 to 82.24% and 80.21 

to 88.79% in the case of 1.5% and 2% FeCNC, respectively. The pure water flux (PWF) 

increased by 109.68% and 120.22% for 1.5 and 2% FeCNC, respectively. A ~67% 

improvement in water flux for oil-water separation was obtained for membranes fabricated 

under the influence of a magnetic field. FRR increases from ~55 to 92.2% when FeCNC 

content increases from 0 to 2 wt% in the polymer solution. The crude oil rejection of the 

membrane with FeCNC cast under the magnetic field increases with an increase in the 

concentration of FeCNC and rejects more than ~99% of oil when FeCNC concentration is 

2%. Thus, adding a magnetic field during coagulation caused the migration of the FeCNCs, 

especially to the top layer of the membranes, resulting in a change in the membrane 

morphology with larger microvoids. Hence, adding such cost-effective bioderived filler to 

the polymeric membrane and preparing the membrane with the magnetic field application 

can become a promising alternative for developing antifouling and high-performance 

membranes for the oil-water separation process. A summary of all the major research 

findings is presented in Tables 7.1 & 7.2. 
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Table 7.1: Summary of major research findings of all the chapters 

Chapters Research Findings 

Interaction of oil-water 

system with bio-dispersant 

 XG and OCH can be used as a bio-dispersant for 

oil spillage treatment 

 Stabilize oil droplets for more than 3 weeks 

 Crude oil degradation % of stabilized emulsion is 

74.31%, whereas for the unstabilized emulsion, it 

is 34.06% 

 Surface tension of the crude oil reduced to 28.53 (± 

0.05) from 32.44 (± 0.22) 

 Such synergistic effects of biopolymers as bio-

dispersants and microbial degradation could be a 

possible solution for treating water with a larger 

amount of oil 

Cellulose nanocrystal 

(CNC)-Polyvinylidene 

fluoride (PVDF) 

membrane  

 CNC prepared from waste paper having rod-shaped 

morphology with an aspect ratio of ~6 and 

Crystallinity index (ICR) of 78% 

 PVDF/CNC composite membrane showed higher 

porosity, and it increases with an increase in CNC 

wt% (M0 = 52.8% to M3 = 92.6%) 
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 Pure water flux increases by ~48% in PVDF/CNC 

membrane with 3 wt% CNC as compared to neat 

PVDF membrane 

 Contact angle decreases from 85° to 67° with the 

addition of CNC 

 Improve the mechanical stability (increased from 

M0 ~3.7 to ~5.4 MPa in M3) 

Magnetic cellulose 

nanocrystal (FeCNC)-

Polyvinylidene fluoride 

(PVDF) membrane  

 CNC has an average length of 286.09 ± 31.21 nm, 

and a diameter of 49.02 ± 5.54 nm FeCNC has a 

new dimension with an average length of 336.32 ± 

60.17 nm and diameter of 61.14 ± 5.79 nm 

 Flux significantly improved: M0 ~18 L/m2h to 

FeCNCM4 ~78 L/m2h and FeCNCM5 ~188 L/m2h 

 80-70 L/m2h for FeCNC membrane during oil-

water separation 

 Porosity improved (M0 ~53 to FeCNCM5 ~83%) 

 Oil rejection of ~95 % is obtained 

 WCA decrease with the addition of FeCNC 

concentration 

 Flux recovery ratio of PVDF/Fe-CNC membrane is 

>90%, whereas for neat PVDF membrane is <85% 
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 Flux decline after to 68 L/m2h after 12 h and 48 

L/m2h after 48 h 

Magnetic cellulose 

nanocrystal (FeCNC)-

Polyvinylidene fluoride 

(PVDF) membrane: under 

magnetic field 

 Water contact angle was reduced from 85.67° to 

61° 

 Porosity improved approx. from 71.13% to 82.24% 

and 80.21% to 88.79% in the case of 1.5% and 2% 

FeCNC, respectively 

 Pure water flux increased by 109.68% and 

120.22% for 1.5 and 2% FeCNC, respectively 

 Higher flux of 130-120 L/m2h is obtained for 

membrane with 2 wt% FeCNC during oil-water 

separation 

 Oil rejection >99% for (2 wt.% FeCNC) 

 FRR increases from ~55 to 92.2% when FeCNC 

content increase from 0 to 2 wt% in the polymer 

solution 
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Table 7.2: Properties comparison for different membranes at 2 wt% of CNC and FeCNC 

Pure water flux Oil filtration flux Oil Rejection FRR Contact angle Tensile Strength 

neat PVDF 

~18 L/m2h 

neat PVDF 

~10 L/m2h 

neat PVDF 

~95% 

neat PVDF 

~41% 

neat PVDF 

85° 

neat PVDF 

3.7 MPa 

PVDF/CNC 

~34 L/m2h 

PVDF/CNC 

~23 L/m2h BSA 

PVDF/CNC 

93% BSA 

PVDF/CNC 

~69% 

PVDF/CNC 

77° 

PVDF/CNC 

5.4 MPa 

PVDF/FeCNC 

~78 L/m2h 

PVDF/FeCNC 

~80-70 L/m2h 

PVDF/FeCNC 

~95% 

PVDF/FeCNC 

>90% for all 

PVDF/FeCNC 

~69o 

PVDF/FeCNC 

4.35 MPa 

PVDF/FeCNC 

(with magnetic field) 

~165 L/m2h 

PVDF/FeCNC 

(with magnetic field) 

~130-120 L/m2h 

PVDF/FeCNC 

(with magnetic field) 

~99% 

PVDF/FeCNC 

(with magnetic field) 

92% 

PVDF/FeCNC 

(with magnetic field) 

61° 

PVDF/FeCNC 

(with magnetic field) 

4.57 MPa 
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Future Directives of the Research 

Given our observed results from our research, we recommend the following future research: 

 Application of the developed membrane in other areas like reverse osmosis, dye 

separation and desalination can be explored to widen its applicability. 

 Study the effect of the surface coating of the membrane by CNC and FeCNC and its 

comparative study with the present research. 

 Developing CNC-based stimuli-responsive and smart hybrid membranes and 

investigating the degradation of organic contaminants. 

 Application of other surface functionalized CNCs in membrane fabrication can be 

explored.  

  CFD modelling of the oil-water filtration to study the oil droplet behaviour in the pore 

of the membrane. 
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3. New high efficiency polishing medium. (Patent Application No.: 202231072748)  
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2. Awarded APA Best Poster for presentation in International Conference on Advances in 

Polymer Science & Technology, APA- 2018. 

3. Awarded Onyx Group Nutriset Best Poster Presentation in 4th International Conference 

Kathmandu Symposia on Advanced Materials-2018. 

4. Short-Term Student Exchange Program: 2018 KIT Global Human Resource 

Development Program at Kyoto Institute of Technology, Japan from April to 

September, 2018. 
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Appendix I 

The basic cost estimation for the fabrication of 1 m2 of PVDF/CNC/ and PVDF/FeCNC 

membrane is presented here. Rajendran N. et al. [14] carried out a detailed techno-economic 

analysis and life cycle assessment of CNC production from a wood-based source by acid 

hydrolysis method. Their results indicated that CNC fabricated using acid recovery process 

was economically more profitable than without the acid recovery process, and the total cost of 

CNC was found to be approximately Rs 800/kg. Considering this cost of CNC for further 

calculations, the cost of FeCNC was found to be Rs 9135/kg. 

Table A1: Approximate Market cost of different raw materials used for fabrication of FeCNC 

and membrane. 

Raw materials Approximate Cost (Rs) 

PVDF 1200/kg 

CNC 800/kg 

FeCNC 9100/kg 

PEG 100/kg 

DMF 70/L 

FeCl3 30/kg 

FeCl2 150/kg 

NH3 solution 20/L 

Table A2: Cost of chemicals to convert 1kg CNC to FeCNC 

  Rate (Rs) 
Amount of chemicals 

required to convert 1 kg 
CNC to FeCNC 

Amount (Rs) 

CNC 800/kg 1 kg 800 

FeCl3 30/kg 2 kg 60 

FeCl2 150/kg 0.5 kg 75 

NH3 solution 20/L 50 L 1000 

Total Cost required 1935 
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The total amount required for 1 kg of chemicals (PVDF, CNC, DMF and PEG) required for 

the fabrication of PVDF/CNC membrane is Rs 228.1, and the PVDF/FeCNC membrane is Rs 

477.1. 

Table A3: Total cost of 1 kg of chemicals required to fabricate PVDF/CNC and 

PVDF/FeCNC membranes 

Basis: 1 kg 

Composition (wt%) 

PVDF 

(12%) 

CNC/FeCNC 

(3%) 

DMF 

(83%) PEG (2%) Total 

Quantity (g) 120 30 830 20 1000 

Cost of PVDF/CNC 

membrane (Rs) 144 24 2 58.1 228.1 

Cost of PVDF/FeCNC 

membrane (Rs) 144 273 2 58.1 477.1 

A membrane of size 0.1 m2 and 100 µm thickness can be produced from ~20 g of solution. 

Therefore, 200 g is required to produce a 1 m2 thickness of 100 µm PVDF/CNC membrane, 

amounting to Rs 45.62 and Rs 95.42 for PVDF/FeCNC membrane. 

Table A4: Total cost of production for 1 m2 of PVDF/CNC and PVDF/FeCNC membrane 

Total amount of 

Chemical (g) 

PVDF/CNC membrane, 

Cost (Rs) 

PVDF/FeCNC membrane, 

Cost (Rs) 

1000 228.1 477.1 

200 45.62 95.42 

A basic cost estimation, considering the raw material cost only, is mentioned in the above 

discussion. However, the total cost estimation involves the consideration of various factors like 

cost associated with raw materials, manpower, power consumption, equipment and many other 

associated factors, which may vary at large scales. This needs to be evaluated at the pilot and 

industrial scales to predict the actual cost, which can be a scope for future research. 
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